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Abstract

The transthyretin amyloidoses are diseases of protein misfolding characterized by the extracellular
deposition of fibrils and other aggregates of the homotetrameric protein transthyretin (TTR) in
peripheral nerves, heart and other tissues. Age is the major risk factor for the development of these
diseases. We hypothesized that an age-associated increase in protein oxidation could be involved
in the onset of the senile forms of the TTR amyloidoses. To test this hypothesis we have produced
and characterized relevant age-related oxidative modifications of wild type (WT) and the
Vall122lle (V1221) TTR variant, both involved in cardiac TTR deposition in the elderly. Our
studies show that methionine/cysteine oxidized TTR and carbonylated TTR either from WT or the
V1221 variant, are thermodynamically less stable than their non-oxidized counterparts. Moreover,
carbonylated WT and carbonylated V122I TTR have a greater propensity to form aggregates and
fibrils than WT and V1221 TTR, respectively, at physiologically attainable pH. It is well known
that TTR tetramer dissociation, the limiting step for aggregation and amyloid fibril formation, can
be prevented by small molecules that bind the TTR tetramer interface. Here, we report that
carbonylated WT TTR is less amenable to resveratrol-mediated tetramer stabilization than WT
TTR. All the oxidized forms of TTR tested are cytotoxic to a human cardiomyocyte cell line
known to be a target for cardiac-specific TTR variants. Overall these studies demonstrate that age-
related oxidative modifications of TTR can contribute to the onset of the senile forms of the TTR
amyloidoses.
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The amyloidoses are a subset of protein misfolding diseases characterized by the systemic
extracellular deposition of -sheet rich fibrils and amorphous aggregates in tissues which
results in compromised organ function and death (1). Transthyretin (TTR) is one of the ~30
human amyloidogenic proteins thus far identified (2). TTR is a 55kDa homotetramer
synthesized mainly in the liver and the choroid plexus of the brain, which circulates in the
plasma and the cerebrospinal fluid (CSF). The known functions of TTR are to transport
retinol (through retinol-binding protein) and thyroxine (T4) in plasma, and Ty in the CSF.
TTR can interact with a large variety of small molecules including peptides such as amyloid
B peptide (3), suggesting that its function might also be that of a general detoxifier of
unwanted molecules and metabolic by-products (4).

Wild-type (WT) TTR undergoes age-dependent deposition in the heart, gut, carpal tunnel,
and lungs, producing the syndrome known as senile systemic amyloidosis (SSA). The
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average age of onset of SSA is 65-70 years, depending on the population studied (5;6).
Autopsy data indicate that 10-25% of people older than 80 are affected by WT TTR-derived
amyloidosis and it appears to be the cause of death of 50% of those older than 90 years (5).
There are more than 100 amyloidogenic TTR variants that have been associated with various
protein deposition syndromes. Val122lle (V122I) TTR is the most common amyloidogenic
mutation worldwide. It produces the syndrome known as familial amyloid cardiomyopathy
(FAC), characterized by age-dependent cardiac amyloid deposition resulting in arrhythmias,
congestive heart failure and death. The age of onset of FAC due to the V122] TTR mutant is
about a decade earlier than that of WT TTR amyloidosis. Three to four per cent of African-
Americans are heterozygous for the V1221 TTR allele, which produces clinical disease in
almost 100% of the carriers (7-9).

Biophysical studies have shown that the loss of TTR quaternary structure, /.e. the
disassembly of the native tetramer in to its constituent monomers, is required and is the rate-
limiting step for aggregation and subsequent fibril formation /n vitro, and presumably /n
vivo (10). The released monomer misfolds and forms oligomers, soluble aggregates,
insoluble aggregates and amyloid fibrils in a downhill polymerization process (11). Many of
the amyloidogenic TTR variants studied thus far have lower thermodynamic and/or kinetic
stabilities relative to WT TTR, which make the proteins more prone to tetramer disassembly,
misfolding and aggregation (12;13).

Although it is well documented that age is the major risk factor for the development of TTR-
associated diseases, it is not known which aspects of the aging process contribute to disease
onset. Given the well established general increase in protein oxidation with aging (14), we
sought to investigate whether oxidative modifications in TTR might change its stability
increasing its tendency towards aggregation and fibril formation.

There are several types of oxidative modifications that occur in proteins. Sulfur-containing
amino acids such as methionine (Met) and cysteine (Cys) are some of the most susceptible
to oxidation (15). The addition of one oxygen atom into the sulfur of Met generates
methionine sulfoxide (MetO). Cys oxidation results in the formation of disulfide bonds and
Cys sulfenic, sulfinic and sulfonic acids by addition of one, two or three oxygen atoms,
respectively (16;17). Both, Met and Cys oxidation processes, are reversible and have
biological as well as pathological significance (18;19). Another type of age-related oxidative
modification is protein carbonylation, which results in the formation of reactive aldehydes
and ketones by a variety of mechanisms (14). Lys, Arg, Pro and Thr residues for example,
are susceptible to metal-catalyzed carbonylation of their side chains (20). Protein
carbonylation is common, irreversible, and it is considered a universal indicator of oxidative
stress or damage (21). It has been established that the content of carbonylated proteins
increases dramatically in the last third of life (22) and it is highly correlated with age-related
diseases such as Alzheimer’s (23;24) or Parkinson’s Disease (25). Carbonylated TTR has
been identified in human plasma of healthy individuals (26;27) as well as in CSF (28).
Furthermore, an increase in protein carbonyls has been reported in biopsies of patients with
TTR deposits compared to age-matched controls (29), although it is not clear from this
report whether TTR itself is carbonylated.

Previously, we showed that H,0,-induced oxidation of WT TTR and the amyloidogenic
variant Val30Met (V30M) TTR results in proteins with lower propensities to form
aggregates and fibrils at pH 4.4 as measured by turbidity (30). In the present study we have
produced and characterized relevant age-related oxidized TTR isoforms. We demonstrate
that treatment of WT and V1221 TTR with H,O5 results in the transformation of all Met and
Cys residues into MetO and Cys sulfonic acid (Cys-SO3H). In addition, we have prepared
carbonylated WT and V1221 TTR. Aggregation and fibril formation studies at several pH
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confirm our previous work with respect to H,O, oxidized WT TTR at pH 4.4. More
interestingly, the data show that the oxidized TTR isoforms, particularly carbonylated TTRs,
form more insoluble aggregates at pH closer to physiological conditions than their non-
oxidized counterparts. Moreover, urea denaturation/renaturation studies show that the
oxidative modifications render the TTR tetramers thermodynamically less stable than those
of the non-oxidized isoforms. Transgenic mouse models and human biopsies of
asymptomatic TTR mutant carriers have shown evidence of tissue damage and cell death
well before there is detectable TTR deposition (31). Here, we demonstrate that the oxidized
TTR isoforms are cytotoxic to human cardiomyocytes in a tissue culture model that reflects
the specificity of cardiac TTR variants (32). On the whole, the data reveal that age-related
TTR oxidative modifications can play a role in the onset of the senile forms of the TTR
amyloidoses.

EXPERIMENTAL PROCEDURES

Recombinant protein preparation

TTR variants were prepared and purified in an Escherichia coli expression system as
described elsewhere (33). The last step of purification was gel filtration chromatography on
a Superdex 75 column (GE healthcare) in sodium phosphate buffer (GF buffer: 10 mM
sodium phosphate, pH 7.6, 100 mM KCI, 1 mM EDTA) or Hank’s Balanced Salt Solution
(HBSS, Mediatech, Manassas) without phenol red. Additional recombinant TTR variants,
named rTTRs were produced using published vector and protocols from Dr Lawreen
Connors’ laboratory to produce His-tagged TTR (34). During purification the His-tag is
cleaved by dipeptidyl aminopeptidase | (Qiagen, USA) yielding TTR lacking Met in
position-1. Site directed mutagenesis was used to create C10A TTR, M13l TTR, C10A
ITTR, and M13I rTTR. The plasmids obtained were sequenced to confirm that we had
introduced the desired point mutations. The identity of the proteins was determined by liquid
chromatography-mass spectrometry (LC-MS). The molecular weight of each variant was:
WT TTR, 13892 Da; V122l TTR, 13907 Da; C10A TTR, 13860 Da; M13I TTR, 13874 Da;
T119M TTR, 13923 Da; F87M/L110M TTR, 13894 Da; rTTR, 13760 Da; C10A rTTR,
13728 Da; and M13I rTTR, 13742 Da. All TTR proteins were stored as aliquots at —80°C at
concentrations lower than 2.5 mg/ml. Under these conditions we observed no changes in
oxidation or aggregation of the proteins over time.

H>0O- oxidation

TTR variants (1.5-2.5 mg/ml in GF buffer) were treated with 3% hydrogen peroxide (H,O5,
H1009, Sigma) at room temperature for 30 min. The oncentration of the H,O, stock solution
was regularly measured by spectrophotometry (ep40 = 43.6 M~1 cm™1 (35)). The oxidized
TTRs were then purified by gel filtration on a Superdex 75 column to remove the excess
oxidant and any TTR aggregates generated during the oxidative reaction. LC-MS analysis
consistently revealed a single species with molecular weight corresponding to the complete
transformation of all Met residues into Met sulfoxide (MetO) and the oxidation of the single
Cys residue in position 10 to Cys sulfonic acid (Cys-SO3H) (see results).

Iron-Catalyzed Carbonylation

TTR carbonylation was performed as in (36). Briefly, WT or V1221 TTR (10 mg/ml) were
dialyzed against 25 mM Hepes pH 7.4, 100 mM KCI, 10 mM MgCl,; then incubated in
freshly prepared oxidative reaction buffer (25 mM sodium ascorbate, 100 M FeCls,
solubilized in 25 mM Hepes pH 7.4, 100 mM KCI, 10 mM MgCl,) at 37 °C for 5 hours or
overnight. The proteins were re-purified by gel filtration to remove excess reagents and TTR
aggregates. The presence of the newly generated carbonyl groups was confirmed using the
Oxyblot protein oxidation detection kit (Millipore, S7150). Briefly, the proteins were
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derivatized with dinitrophenylhydrazine, separated by SDS-PAGE and transferred onto a
PVDF membrane. The derivatized proteins were detected using a rabbit anti-
diphenylhydrazone antibody (1:150) or by rabbit anti-human TTR antibody (A0002 Dako)
followed by alkaline phosphatase-labelled goat anti-rabbit IgG (A-8025 Sigma-Aldrich).

Far and Near UV-Circular Dichroism (CD)

The far and near UV-CD spectra of native WT and V122I TTR and their oxidized isoforms
(8 LM in GF buffer) were acquired at 25°C using an AVIV 202SF CD spectrometer (AV1V,
Lakewood, NJ) equipped with a Peltier thermostated cell holder. Far UV-CD spectra were
recorded from 190 to 250 nm using a 2 mm path length Suprasil quartz cell with 1 nm
bandwidth; Supplemental Figure S2 shows the spectra from 205 to 250 nm to omit the noise
due to the buffer absorbance at lower wavelengths. Near UV-CD spectra were recorded
from 250 to 320 nm in a 1 cm path length quartz cell with 1 nm bandwidth. The wavelength
step was set at 0.5 nm with time constants of 100 ms for both far and near UV-CD. Blank
spectra corresponding to GF buffer was subtracted from the samples and the data was
transformed to mean residue ellipticity, Oyprw (deg cm? dmol™1). Each spectrum represents
the average of four scans. No smoothing algorithm was applied to any of the spectra to
conserve detail.

Acid-mediated TTR aggregation and fibril formation

pH dependent fibril formation studies were performed as described previously (37). Briefly,
TTR solutions in GF buffer (8 M, ~ 0.4 mg/ml) were diluted 1:1 with acidic buffers (200
mM sodium citrate, acetate or phosphate with 100 mM KCIl and 1mM EDTA) to reach
various pH (4.04-5.88). The mixtures were incubated at 37 °C for the desired amount of
time (up to 21 days) in cluster tubes (Genessee Scientific, San Diego, CA). At the end of the
incubation time, the TTR solutions were vortexed for 10 seconds and transferred into ¥ area
96-well UV-transparent plates (Corning) in triplicate (50 pL/well). The turbidity of the
solutions at 400nm was recorded using a UV-spectrophotometer (SpectramaxPlus,
Molecular Devices, USA). Blanks consisting of the corresponding buffer solutions were
subtracted from each sample. All experiments were repeated at least twice in triplicate.

Measurement of soluble and insoluble TTR amounts

Four hundred microliters of aggregated TTR solutions (see above) were transferred into
fresh Eppendorf tubes and the samples were centrifuged at 20,000 x g for 30 min at 4 °C.
The supernatants were carefully transferred into fresh eppendorf tubes and the protein
concentration in these solutions was measured using ¥z area 96-well UV-transparent plates
in triplicate (50 pL/well). To determine the amount of aggregated TTR (insoluble) 200 pL
of 8 M guanidinium chloride (GndCl) solution was added to the protein precipitates. The
samples were then vortexed briefly and left at r.t. for 5 min to allow the disassembly of TTR
aggregates to take place. The TTR concentration was then measured by UV-
spectrophotometry in ¥ area 96-well UV-transparent plates in triplicate, using 8 M GndCl as
blank. The percentages of protein in the supernatant and in the pellet were calculated from
the total initial protein content at time 0.

Inhibition of TTR aggregation and fibril formation by resveratrol

TTR solutions (8 wM, 250 pL) in GF buffer were added to 1 pL of resveratrol (4 mM stock
in DMSO, 2 equivalents resveratrol/TTR) or to 1 pL. DMSO (vehicle control). The samples
were vortexed and incubated at r.t. for 30 min to allow resveratrol binding. Two hundred
and fifty microliters of acetate buffer (200 mM Na-Acetate pH 4.23, 100 mM KCI, 1 mM
EDTA) was added to reach a final pH of 4.4. The mixtures were incubated at 37 °C for 3
days. The samples were centrifuged at 20,000 x g, 30 min at 4 °C and the aggregated TTR
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was measured as above using 8 M GndCl. The percentage of insoluble TTR in the samples
containing resveratrol was calculated relative to the samples containing TTR alone (with
DMSO).

Thioflavin T (ThT) binding

TTR aggregation and fibril formation was performed as above for 1 or 3 days at a final pH
of 4.4. The solutions were then diluted to 1 wM (tetramer equivalent) in 200 mM Tris, 150
mM NacCl, pH 8.0. Two microliters of ThT stock solution (2 mM in 200 mM Tris, 150 mM
NaCl, pH 8.0) were added to 400 pL of the diluted TTR aggregates. The samples were
vortexed briefly, dispensed into black 96-well plates (Corning) in triplicate (100 p.L/well),
and ThT fluorescence was recorded with Exc/Em at 440/482 nm and 5 nm bandwidth using
a multiwell spectrofluorimeter (Tecan Safire 2, Austria).

Transmission Electron Microscopy (TEM)

Carbon coated copper grids (400 mesh, Electron Microscopy Sciences, Hatfield PA) were
glow-discharged and inverted on 5L aliquots of TTR subjected to acid-mediated
aggregation conditions (4 .M final protein concentration, pH 4.4, 1 day at 37 °C) for 2
minutes. Excess sample was removed and the grids immediately placed briefly on a droplet
of 0.1% ammonium acetate followed by 2% uranyl acetate solution for 2 minutes. Excess
stain was removed and the grids allowed to thoroughly dry. Grids were then examined on a
Philips CM100 electron microscope (FEI, Hillsbrough OR) at 80kV and images collected
using a Megaview |11 CCD camera (Olympus Soft Imaging Solutions, Lakewood CO).

Urea Stability

TTR denaturation curves were prepared by incubating TTR at 0.1 mg/ml (~2 M) in various
concentrations of urea (range 0-8 M) in sodium phosphate buffer (50 mM sodium
phosphate, 100 mM KCI, 1 mM EDTA, pH 7.6) for 4 days at r.t. For the renaturation curves,
TTR was first denatured in 6.5 M GndCl overnight at r.t., then buffer exchanged into 8M
urea and concentrated to 1 mg/ml. Dilutions were prepared to yield a final TTR
concentration of 0.1 mg/ml at a wide range of urea concentrations (1-8 M) and were
incubated for 24 h at r.t. before measurement of the tertiary and quaternary structures.

Tertiary structure determination by tryptophan fluorescence

The stability of the TTR tertiary structure was determined by measuring the intrinsic
tryptophan fluorescence of the protein in the presence of urea, as described in (37). At the
time of measurement the samples were vortexed and transferred into % area black 96-well
plates (Corning) in triplicate (50 pL/well) and the tryptophan fluorescence was measured
with Exc 295 nm and Emission at 335 and 355 nm, with 10 nm bandwidth. The percentage
of folded protein at each urea concentration was calculated from the fluorescent ratio values
(355/335nm) with respect to TTR samples that had not been denatured (100% folded) and
those that were completely unfolded (0% folded). The data were fitted to sigmoidal curves
with variable slope using Graph Prism software (GraphPrism, San Diego CA) and the
concentration of urea at which 50% of TTR was folded (Cm) was calculated. For kinetic
studies TTRs were incubated in 6 M urea; a concentration in the post transition region for
tertiary structural changes. Tryptophan fluorescence was measured over time as above. To
assess tertiary structural changes of the oxidized proteins with respect to their non-oxidized
counterparts tryptophan emission spectra from non denatured TTRs (4 wM in GF buffer)
were also acquired using Exc 295 nm and a emission wavelength range from 320 to 400 nm
with 1 nm steps.
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Quaternary structure determination by resveratrol binding fluorescence

Cell culture

The small molecule resveratrol binds in the T4 binding pocket of tetrameric TTR resulting in
an increase in the fluorescence quantum yield. The intensity of resveratrol fluorescence is
proportional to the concentration of tetrameric TTR in solution (37). To determine the
amount of tetrameric TTR present in each of the urea solutions, 4 pL of resveratrol (1 mM
in DMSO) were added to 200 p.L of the TTR samples in urea. The resveratrol/TTR mixtures
were vortexed briefly and incubated for 30 min at r.t. Aliquots of 50 L were then
transferred into ¥ area black 96-well plates in triplicate and the resveratrol fluorescence was
recorded (Exc 320/Em 394 nm, with 10 nm bandwidth). The proportion of tetrameric protein
at each urea concentration was calculated using the average fluorescence values of TTR at
very low urea concentrations (0-2 M) (100% tetramer) and the average fluorescent values of
completely denatured TTR (0% tetramer). The data were fitted to sigmoidal curves with
variable slope using Graph Prism software, and the concentration of urea at which 50% of
TTR is tetrameric (Cm) was calculated.

The human cardiomyocyte cell line AC16 (38) was routinely cultured in DMEM/F12
(Mediatech, Manassas VA) supplemented with 10% FBS, 1 mM Hepes, 2 mM L- glutamine,
100 units/ml penicillin, 100 pg/ml streptomycin and incubated at 37 °C in a 5% CO,
environment.

Cytotoxicity assessment

RESULTS

Subconfluent AC16 cells were seeded into black wall clear bottom 96-well plates (Corning)
in Opti-MEM (Invitrogen, San Diego CA) supplemented with 5% FBS, 1 mM Hepes, 2 mM
L-glutamine, 100 units/ml penicillin, 100 pg/ml streptomycin and incubated overnight. The
next day, the culture medium was removed and the cells were exposed to different
concentrations of TTR (100 pL) in 1:1 Opti-MEM:HBSS supplemented with 0.4 mg/ml
BSA, 1 mM Hepes, 2 mM L-glutamine, 100 units/ml penicillin, 100 pg/ml streptomycin and
4.5 mM CaCl,. Cytotoxicity was determined by resazurin assay after 24 hours of treatment
as previously described (32). Briefly, 10 pL/well of resazurin solution (500 .M in PBS) was
added and the cells were incubated for 2 %2 h at 37 °C. Fluorescence resulting from the
reduction of resazurin to resorufin by metabolically active cells was measured using Exc/Em
530/590 nm with a 10 nm bandwidth. Cell viability was calculated as the percentage of
fluorescence of treated cells with respect to the control cells (vehicle treated cells), after
subtraction of the blank (wells with no cells). All experiments were repeated at least twice in
triplicate. Averages and standard error of the mean are presented.

TTR methionine and cysteine residues are oxidized by H,0,

WT TTR and V122I TTR were treated with 3% H,0, as detailed in the Experimental
Procedures section. LC-MS analysis showed 100% conversion to a single product with a
molecular weight 80 Da above that of the non-oxidized proteins, indicating that each TTR
polypeptide chain had incorporated 5 oxygen atoms (Table 1).

The sulfur atoms of Met and Cys are the most susceptible to oxidation by ROS (39). Met
oxidation can generate two oxidative products, MetO or Met sulfone, by addition of one or
two oxygen atoms, respectively (16). Cys oxidation can result in Cys sulfenic, sulfinic or
sulfonic acid derivatives by incorporation of one, two or three oxygen atoms, respectively
(16;17).
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LC-tandem mass spectrometry (MS/MS) analysis of native WT TTR showed oxidation at
Met13 due to sample manipulation before analysis (alkylation and trypsinization); therefore,
we could not use this technique to determine where oxidation took place in the H,O,-treated
TTRs (not shown). Thus, we prepared and purified several recombinant TTR variants
containing different numbers of Met or Cys residues in the sequence. These variants were
treated with H,0, and analyzed by LC-MS as above (Table 1). HoOo-treated WT TTR
incorporated 5 oxygen atoms, whereas the mutant C10A TTR incorporated 2 oxygen atoms.
These results suggest that upon H,O, treatment Cys is oxidized to Cys-SOzH. Substitution
of a Met residue in the sequence (M131 TTR) resulted in the incorporation of 4 oxygen
atoms (1 oxygen atom less than WT TTR), whereas addition of one and two Met residues
(T119M TTR and F87M/L110M TTR) resulted in the incorporation of 6 and 7 oxygen
atoms, respectively. These results indicate that Met is oxidized to MetO (/.e. 1 oxygen atom/
Met).

To further confirm our results, we used a plasmid which after expression and purification
produces TTR lacking methionine in position —1, named rTTR (34). We used site directed
mutagenesis to prepare variants of this rTTR and study their susceptibility to H,O»
oxidation as above (Table 1). Treatment of rTTR and M13I rTTR with H,O, resulted in the
incorporation of 4 and 3 oxygen atoms, respectively, whereas C10A rTTR incorporated only
1 oxygen atom. Taken together these results indicate that under our experimental conditions,
H,0, treatment of TTR results in the oxidation of all Met to MetO and Cys to Cys-SO3H.
These Met/Cys oxidized TTRs are referred in the text as oxi-TTRs.

TTR carbonylation in vitro results in multiple oxidative products

WT and V1221 TTR oxidative carbonylation was performed as described in (36). The
presence of TTR carbonyls was confirmed by Oxyblot technology (Supplemental Figure
S1). Carbonylated WT and V1221 TTR were further analyzed by LC-MS. Thirty four per
cent of WT and 18% of V1221 TTR were carbonylated after 5h reaction time, whereas 100%
of the proteins were carbonylated after overnight reaction. In all cases a large number of
oxidative products was detected consistent with the fact that there are 32 amino acid
residues in the TTR sequence that are susceptible to direct oxidative carbonylation (36). The
carbonylated TTRs were named car-TTRs. For the aggregation and stability studies
described below, we used the 5h carbonylation products of WT and V1221 TTRs as mixtures
without trying to purify any specific carbonylation species because, when TTR
carbonylation occurs /n vivo, it is very likely that complex mixtures -and not a single
carbonylation product, are generated.

The secondary and tertiary structures of TTR and its oxidized isoforms are similar

Far UV-CD (secondary structure) and near UV-CD as well as tryptophan fluorescence
spectra (tertiary structure) were recorded for WT and its oxidized isoforms (oxi-WT and car-
WT TTR) as well as for V122I TTR and its oxidized isoforms (oxi-V122I and car-V22I
TTR). The far and near UV-CD data show no major differences in the spectra (Supplemental
Figure S2) of the oxidized TTRs (oxi- and car-TTRs) with respect to their non-oxidized
counterparts. The tryptophan emission spectra are identical for WT and oxi-WT as well as
for V122l and oxi-V122] TTR. The carbonylated proteins however, have lower maximum
fluorescence intensity than non-oxidized or oxi-TTRs. These differences are not unexpected
because of the multiple amino acid residues susceptible to carbonylation in the TTR
sequence (32), some of which may be spatially close to the two tryptophan residues (Trp4l
and Trp79) of the molecule. For TTR a shift in the maximum emission wavelength from 335
to 355 nm is indicative of TTR unfolding (40). The maximum emission wavelength for the 3
isoforms (non-oxidized, oxi-TTR and car-TTR) is the same (335 nm) suggesting that they
are all properly folded (Supplemental Figure S2).
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What is the relationship of sample turbidity to TTR aggregation and Thioflavin T binding?

TTR aggregation is inducible /n vitro under mildly acidic conditions and its extent can be
monitored by recording turbidity at 330-400 nm using UV-Vis spectrophotometry (12;41).
Native WT and V1221 TTR and their oxidized variants (oxi-TTRs, car-TTRS) were
incubated at pH ranging from 4.04 to 5.88 for up to 7 days at 37 °C without agitation, and
the extent of aggregation was measured by turbidity at 400 nm (Figure 1). To determine
whether turbidity was a measure of aggregation in these highly modified proteins, we also
measured the total aggregated (insoluble) protein and the amount of protein remaining in the
supernatant. Similar aggregation studies were also performed with shorter (hours) and
longer (up to 21 days) incubation times at pH 4.4 — the pH of maximum turbidity for WT
and V1221 TTR (42) (Supplemental Figure S3). The results show that turbidity does not
quantitatively represent aggregated protein (insoluble). At pH 4.04 for example, all the
samples have very low turbidity (Figure 1a and b) while it is at this pH where we found the
most aggregated (insoluble) TTR (Figure 1c and d). This inconsistency is also observed in
the longer kinetic experiments at pH 4.4 where the turbidity of WT TTR and car-WT TTR
increases steadily from 3 to 21 days, but the amount of insoluble protein recovered remains
constant (Supplemental Figure S3a and S3b). Moreover, for oxi-WT TTR and oxi-V1221
TTR the maximum turbidity values (pH 4.37-4.56) are about half the values obtained for
their non-oxidized counterparts (WT and V1221 TTR) (Figure 1a and 1b), whereas the
amount of insoluble protein is slightly lower in oxi-WT compared to WT TTR (Figure 1c)
and is the same in V1221 and oxi-V1221 TTR (Figure 1d). The percentages of protein
remaining in the supernatants after centrifugation are complementary to those found in the
pellets (not shown). Similar studies to those reported in Figure 1 in which the TTR
aggregation reactions were analyzed after 1 and 3 days of incubation at 37 °C gave the same
relative patterns of aggregation with respect to turbidity and amount of insoluble protein
recovered as those shown in Figure 1 (pH dependent aggregation, 7 days) and Supplemental
Figure S3 (time dependent aggregation, pH 4.4).

We used Thioflavin T (ThT) binding fluorescence as an additional method to quantify TTR
aggregation and fibril formation /in vitro (43). Native and oxidized TTRs were incubated
with acidic buffer (pH 4.4) at 37 °C for 1 and 3 days without agitation. ThT fluorescence,
the percentage of precipitated protein and turbidity at 400 nm were measured as detailed in
the Experimental section. The results shown in Figure 2 (3 days incubation) are presented as
percentages relative to native TTRs. The data show that the percentage of ThT fluorescence
(white bars) is similar to that of precipitated protein (black bars) for each TTR variant. The
same correlation was seen for samples incubated for 1 day at 37 °C, as well as for samples
incubated at pH 4.04 for up to 7 days (not shown).

Given that turbidity does not reflect the amount of aggregated (insoluble) protein under all
conditions or with all the TTR variants, we will refer to protein aggregation as the
percentage of precipitated protein after the designated incubation times.

Oxidation modifies TTR aggregation propensity

Figure 1 shows that oxi-WT TTR aggregates slightly less than WT TTR whereas oxi-V122I
TTR aggregates to the same extent as V122l TTR. The kinetic aggregation data show that at
pH 4.4 both oxi-WT TTR and oxi-V122] TTR aggregate more slowly than WT or V122|
TTR, respectively, although the end points of aggregation are similar (Supplemental Figure
S3). More interestingly, at pH 4.88 and 5.13, car-WT and car-V1221 TTR form more
aggregates than non-oxidized WT or V1221 TTR, respectively. The differences are
particularly significant for car-WT TTR (~21% aggregated protein at pH 4.88) relative to
WT TTR (~ 9% aggregated protein at pH 4.88). These findings are relevant because they
indicate that /n vivo car-WT and car-V122I TTR can aggregate at a pH closer to

Biochemistry. Author manuscript; available in PMC 2014 March 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhao et al. Page 9

physiological conditions, hence potentially initiate the senile forms of the TTR amyloid
diseases.

Monomeric oxi-TTR aggregates more slowly than monomeric TTR

The aggregation experiments show that oxi-TTRs aggregate at a slower rate than their non-
oxidized counterparts (Supplemental Figure S3). To assess whether the decreased rate of
aggregation comes exclusively from the tetramers or whether the monomeric subunits are
also less aggregation prone, we performed fibril formation kinetic studies at pH 4.4 using
the well characterized monomeric TTR variant designated M-TTR (F87M/L110M TTR)
(44), and its oxidized isoforms (named oxi-M-TTR and car-M-TTR). M-TTR has the same
tertiary structure as each of the subunits of native TTR (WT TTR), but the Met residues
introduced at the dimer-dimer interfaces (positions 87 and 110) prevent its tetramerization
by steric hindrance. LC-MS analysis of H,O, treated M-TTR, indicated that all the Met
residues in the sequence had gained one oxygen atom (Met to MetO transformation), and
Cys10 became Cys-SO3H (Table 1). Carbonylation of M- TTR (5h reaction) was confirmed
by Oxyblot (Millipore) and LC-MS. The yield of carbonylation was 42% (not shown). The
aggregation and fibril formation data show that oxi-M-TTR aggregates more slowly
(measured as insoluble protein) than M-TTR (Figure 3), whereas car-M-TTR and M-TTR
aggregate at a similar rate. After 2 days of incubation at 37 °C, both oxi-M-TTR and car-M-
TTR aggregated almost to the same extent as M-TTR did.

Inhibition of aggregation by resveratrol is less effective for carbonylated WT TTR than for
non oxidized WT TTR

Resveratrol is a polyphenolic compound known to kinetically stabilize tetrameric TTR by
binding in its T4 pocket and thus preventing TTR aggregation and fibril formation /n vitro,
and TTR-induced cell cytotoxicity in tissue culture (32;33;45). Native and oxidized WT
samples were incubated for 3 days at pH 4.4 with or without 2 equivalents of resveratrol.
Aggregation was measured as the percentage of insoluble protein formation (Figure 4). The
data show that WT and oxi-WT TTR aggregation and fibril formation can be effectively
inhibited by resveratrol (>94 + 0.8% aggregation inhibition with respect to TTR without
resveratrol), whereas car-WT TTR is less amenable to resveratrol stabilization (88 + 0.5 %
aggregation inhibition with respect to car-TTR without resveratrol).

Oxi-TTRs aggregate morphology is different than that of non-oxidized TTRs

Transmission electron microscopy (TEM) was used to evaluate the aggregate morphology of
the different TTR isoforms under acid-mediated aggregation conditions (pH 4.4, 1 day at 37
°C). Non-oxidized WT and V1221 TTR samples were characterized by the presence of
elongated material (Fig 5a and d, arrows) as well as abundant small spherical aggregates
(Fig 5a and d, circles). In contrast, samples from the oxi-TTR variants (oxi-WT and oxi-
V1221 TTR) were consistently richer in longer aggregates (Fig 5b and e, arrows) than those
found in the non-oxidized proteins. In oxi-TTR samples very few of the spherical aggregates
were detected. Carbonylated TTR isoforms were characterized by the presence of elongated
material, usually shorter than that found in non-oxidized TTRs samples (Fig 5c and f,
arrows) with abundant spherical amorphous aggregates (Fig 5¢ and f, circles). In some of the
regions of the copper grids there were larger amorphous deposits which appeared to be made
up of very short, entangled, elongated structures (not shown). These structures were
observed in all the samples although they were less abundant in the oxi-TTR isoforms
samples than in the native or car-TTRs samples. With longer incubation times (3 and 7
days), particularly with the faster aggregating V1221 TTR isoforms, most of the material
detected was in the shape of large amorphous aggregates made up of the same short
elongated structures mentioned above, or dense deposits opaque to TEM (not shown).
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Oxidative modifications of TTR decrease its thermodynamic stability

The thermodynamic stability of oxidized and non-oxidized TTRs was studied by urea-
mediated denaturation and renaturation curves at pH 7.6. As in the process of aggregation
and fibril formation, the rate limiting step for TTR unfolding in urea is the dissociation of
the tetramer into its constituent monomers (46).

The quaternary structural changes induced by urea (/.e. tetramer dissociation/tetramer
reassembly), were measured by resveratrol fluorescence. The binding of resveratrol in the
TTR T4 pocket results in a sizable increase in resveratrol fluorescence which is linear with
tetrameric TTR concentration (37). Resveratrol does not bind to or fluoresce with
monomeric TTR subunits, nor does it shift the monomer-tetramer equilibrium (12);
therefore, it is a useful probe to quantify the amount of tetrameric TTR in a given solution.
Standard curves using oxidized (oxi-TTRs and car-TTRs) and non-oxidized TTRs in the
ranges of concentrations used for these studies (0-0.15 mg/ml) demonstrated that resveratrol
fluorescence is linear with tetrameric TTR concentration (not shown).

The tertiary structural changes induced by urea (7.e. unfolding/refolding) were monitored by
intrinsic tryptophan fluorescence (37), which allows the quantification of the fraction of
unfolded TTR versus folded TTR at any given urea concentration. Figure 6 shows the
denaturation and renaturation curves of WT (a—d) and V1221 TTR (e-h) and their oxidized
isoforms. The data were fitted to a sigmoidal curve and the concentration of urea at the
midpoint of denaturation/renaturation (Cm) was determined (Table 2).

For each protein the Cm values for tetramer disassembly and reassembly (measured by
resveratrol binding) are equal or smaller than the Cm values for unfolding and refolding
(measured by tryptophan fluorescence), respectively. These results are consistent with the
notion that the tetramer has to first disassemble in order to unfold. TTR tetramer
disassembly and monomer unfolding in urea is a process that take days to reach equilibrium,
and is much slower than the refolding and reassembly process which take only few seconds
(37). In the disassembly/unfolding direction at urea concentrations > 4 M there is still a
considerable amount of tetrameric TTR (>20%), which is not present in the refolding/
reassembly direction (Figure 6), indicating that for the denaturation solutions, at the time of
measurement (96 h), thermodynamic equilibrium had not been reached. Longer incubation
times in urea are not advisable because urea covalently modifies the proteins in a time-
dependent manner (47). Although the calculated Cms for the denaturation and the
renaturation processes were very similar, for clarity we focus on the refolding/reassembly
curves where thermodynamic equilibrium has been reached for all the TTR variants studied.

The data show that for both oxi-TTRs and car-TTRs the Cms for refolding and reassembly
are lower than those of their non-oxidized counterparts; these results suggest that oxi-TTRs
and car-TTRs are thermodynamically less stable than native TTRs (Table 2).

For WT TTR and its oxidized variants the Cm for refolding and the Cm for tetramer
reassembly are very similar, indicating that as soon as the polypeptides refold, they assemble
into tetramers. In contrast, for V1221 TTR there is a substantial difference between the Cms
for refolding and the Cms for tetramer reassembly (0.5, 0.3 and 0.8 molar units for V1221
TTR, oxi-V122I TTR and car-V122I TTR, respectively), with the Cms for refolding being
higher than those for reassembly. The Cms for refolding of V1221 and its oxidized forms are
similar to the Cms for refolding of WT and its oxidized products (~3.5, 2.8 and 3.3 M for
native, oxi-TTRs and car-TTRs, respectively). Together these results suggest that the
monomers of WT and their corresponding V1221 variants have similar thermodynamic
stability, whereas the tetramers for the WT TTR isoforms have higher thermodynamic
stability than those of their respective V1221 TTR isoforms. TTR carbonylation has a
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stronger effect in destabilizing the tetramer as seen by the increased differences in Cm
between refolding and reassembly (0.2 M and 0.8 M for car-WT and car-V122l, respectively
compared to 0.1 and 0.5 M for WT and V1221 TTR, respectively).

Oxidative modifications of TTR change its kinetic stability

We next studied the kinetic stability of the oxidized TTRs in 6 M urea -a concentration at
which TTR remains irreversibly unfolded. The percentage of folded protein in solution was
measured over time by tryptophan fluorescence. Consistent with published results, the data
show that V1221 TTR in urea unfolds much faster (75% unfolded in less than 24h) than WT
TTR (75% unfolded in near 200h) in urea (Figure 7), indicating a decreased kinetic stability
of V1221 TTR with respect to WT TTR (42).

Oxi-WT TTR unfolds more slowly than native or car-WT TTRs (Figure 7). At 96 hours only
~25% of WT and car-WT remained folded, whereas more than 50% of the oxi-WT TTR was
still folded. These results are consistent with an increased kinetic stability of oxi-WT TTR
with respect to WT TTR or car-WT TTR. For V1221 TTR however, oxi-V122I unfolds at a
slightly lower rate than native V1221 TTR (/.e. have similar Kinetic stability). Car-V122I
TTR unfolds at a lower rate than V1221 TTR, indicating that it has increased kinetic
stability.

Oxidized TTRs have similar cytotoxic potency as native TTRs

We have previously established tissue culture model systems to study the TTR amyloidoses
in a physiologic setting (32;33). In these systems we showed that amyloidogenic TTR
variants such as V1221 TTR or V30M TTR are cytotoxic to cells of human cardiac and
neuronal origin in a dose responsive manner (32;33) whereas non amyloidogenic TTR
(T119M) is not.

We used the human cardiac tissue culture system to determine the cytotoxic potential of the
oxidized forms of TTR with respect to their non-oxidized counterparts. AC16 cells were
treated with different concentrations of WT and VV122I TTR and its oxidized isoforms for
24h at 37 °C. Cell viability was measured by the resazurin reduction assay. The results show
that all oxidized TTR isoforms are cytotoxic to the human cardiac cell line AC16 in a dose-
responsive manner (Figure 8); consequently they have the potential to induce tissue damage
in vivo.

DISCUSSION

One of the hallmarks of aging is the increased abundance of oxidized proteins in plasma and
tissues. In this paper we explore how oxidation of the plasma protein TTR could result in
isoforms with increased aggregation and fibril formation propensity, contributing to the
onset of the senile forms of the TTR amyloidoses. We focused on WT and the V1221 TTR
variant because both proteins are related to late onset TTR aggregation diseases affecting the
heart (SSA and FAC).

We have chosen two types of protein oxidative modifications that are relevant to the process
of aging, Met oxidation and carbonylation. Far and near UV-CD studies demonstrated that
the oxidative modifications created did not alter the secondary or tertiary structure of the
protein (Supplemental Figure S2). The tryptophan fluorescence spectra show identical traces
for non-oxidized and oxi-TTR and a lower intensity trace -albeit with the same maximum
emission-for car-TTR. These results are not unexpected because each TTR polypeptide has
32 amino acid residues susceptible to metal catalyzed carbonylation; some of these
carbonylated residues might be spatially close to one or both Trp residues (Trp41 and
Trp79) and partially quench their fluorescence intensity. The fact that all the proteins have
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the same Trp fluorescence maximum emission wavelength at 335 nm indicates that the
proteins are folded.

In our extensive aggregation studies at pH ranging from 4.0 to 5.88, we determined that
turbidity measurements may not be a reliable measure of aggregated (insoluble) protein
content. The differences are particularly striking at the lowest pH studied (pH 4.0) where
very little turbidity is detected while there was a very high proportion of insoluble protein
(Figure 1). Remarkably, very significant differences were also found for oxi-TTRs at the pH
of maximum turbidity (4.37-4.56). At these pH’s the levels of turbidity of oxi-WT and oxi-
V1221 TTR are less than half of those of WT and V1221 TTR respectively, whereas oxi-WT
and WT TTR, and oxi-V122] and V1221 TTR form very similar amount of insoluble
aggregates (Figure 1). TEM analysis of these TTR isoforms with different behavior at pH
4.4 can help to rationalize the discrepancy between the turbidity levels and the amount of
insoluble protein detected (Figure 5). WT and V1221 TTR at pH 4.4 form short fibrillar
structures and small amorphous spherical aggregates, whereas in the preparations of oxi-WT
and oxi-V122I TTR we observed essentially longer fibrillar structures and almost none of
the spherical aggregates (Figure 5). The concentration of particles for non oxidized WT and
V1221 TTR, where high levels of turbidity are detected, is greater than for the oxi-TTR
isoforms because in the former the aggregates are smaller than in the latter. Thus, turbidity
appears to report on the concentration of large particles (large enough to interfere with 330—
400 nm light waves) regardless of their particular size. These results are consistent with
those reported by Lundberg ef a/ (48) where WT TTR was aggregated at a wide range of pH
(2.0-5.5). The turbidity of the samples was measured and atomic force microscopy images
were recorded. The images show that at lower pH (2-3.5) where no turbidity is detected,
there are large filaments; whereas at higher pH (>4.0) where there is turbidity, the
aggregates are small and mainly spherical.

ThT fluorescence signal correlates quite well with the amount of insoluble protein detected
(Figure 2). The TEM images show that for non-oxidized TTR both short fibrillar and
amorphous aggregates are present in these solutions (Figure 5). Thus, it appears that ThT
fluorescence might not be specific for amyloid fibrils, but that it is sensitive to smaller
amorphous aggregates as well (11;49). It should be noted however, that ThT fluorescence
for TTR is relatively weak compared to that of other amyloidogenic peptides and proteins;
therefore, there is the possibility that the apparent correlation between ThT fluorescence and
insoluble aggregate formation coincides with the amount of bona fide amyloid fibrils that
bind ThT. Given that the turbidity levels do not appear to represent aggregated protein under
all conditions and for all TTR isoforms, we relied on insoluble protein formation for the
interpretation of the results.

Consistent with our former observations (30), oxi-TTRs form the lowest quantity of
aggregates and fibrils within the entire pH range tested at earlier time points (up to 3 days
for oxi-WT and up to 8 h for oxi-V1221 TTR). The formation of insoluble aggregates
becomes similar to those of non-oxidized TTRs and car-TTRs later in the aggregation
process (Figure 1 and Supplemental Figure S3). These results suggest that oxi-TTRs might
be kinetically stable with respect to native TTRs because they have slower rates of insoluble
aggregate formation. The TTR denaturation studies in 6 M urea clearly show a slower rate
of unfolding for oxi-WT TTR than for WT TTR. These results demonstrate that oxi-WT
TTR is kinetically more stable than non oxidized WT TTR (Figure 7). The V122] TTR
isoforms are kinetically much less stable than the WT TTR isoforms, as seen by their faster
unfolding rates in 6 M urea (Figure 7). In this case we detected a slight increase in the
kinetic stability of oxi-V122I with respect to V1221 TTR. These observations are consistent
with the fact that for oxi-V1221 TTR, aggregation and fibril formation occur at slightly
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slower rate than for V1221 TTR and can only be detected during the first 24h of the
aggregation process (Supplemental Figure S3).

With respect to thermodynamic stability, in the presence of urea the calculated midpoints for
tetramer reassembly (Cm) are lower for oxi-WT TTR and car-WT TTR than for WT TTR
(3.1 M vs3.4 M), indicating that the oxi- and car-WT TTR are thermodynamically less
stable than WT TTR. The same is true for oxi-V122] TTR and car-V122] TTR with respect
to V1221 TTR (2.5 M vs2.9 M) (Figure 6 and Table 2). These observations imply that at
equilibrium the fraction of monomeric TTR in solution will be higher for the oxi-TTRs and
car-TTRs than for their non oxidized counterparts; thus the oxidized proteins will be more
prone to aggregation and deposition in vivo.

The TTR aggregation propensity depends on a combination of both, thermodynamic and
kinetic stability parameters (13). Oxi-TTRs have the potential to be more amyloidogenic
than native TTRs as seen by the lower thermodynamic stability of the tetramer. It is possible
however, that their enhanced kinetic stability slows down the dissociation of the tetramer /in
vivo and thus, decreases the overall TTR aggregation process.

Carbonylated WT and V1221 TTR have higher aggregation propensities than their non-
oxidized counterparts at pH closer to physiological (4.88 and 5.13). Car-TTRs are also
thermodynamically less stable than native TTRs as seen by the lower Cms for refolding and
particularly those for tetramer reassembly in urea (Figure 6 and Table 2). Moreover, it
appears that car-TTRs have similar kinetic stability to non-oxidized TTRs (Figure 7).
Together, these results suggest that /n vivo, car-TTRs will have a higher tendency to
aggregate and deposit than non-oxidized TTRs and contribute to the onset of the senile
forms of the TTR amyloidoses. We hypothesize that a decrease in the thermodynamic
stability of TTR (in the absence of a change in kinetic stability) results in aggregation and
fibril formation at higher pH /n vitro and the development of amyloid deposition in vivo.
This notion is supported by other examples in the literature. For example, the V30M TTR
variant related to FAP, is thermodynamically unstable (Cm in urea is 2.0 M; compare to 3.4
M for WT TTR), while its pH of maximum fibril formation is 5.2 (compare to 4.4 for WT
TTR) (50). Other TTR variants such as L58H or 184S TTR for which both thermodynamic
stability parameters (both have Cm =2.4 M in urea) and pH of maximum fibril formation
(pH 4.8-4.9) have been reported, follow the same trend (50). Only the T60A TTR variant
appears to be an exception to this trend (Cm 2.8 M, and pH of max. fibril formation 4.5).
Further support of this hypothesis is found in Zhang et al (51) where the stability and fibril
formation propensity of Cys10-modified TTR variants were characterized. They report that
TTR variants that are thermodynamically less stable than WT TTR form fibrils at a higher
pH range, whereas one of the variants that forms the maximum amount of fibrils and
aggregates at the same pH as WT TTR had the same thermodynamic stability (51). It is not
known however, whether these variants are involved in early onset amyloid disease.

Aggregation studies performed using the well characterized engineered monomeric TTR
(M-TTR) (44) and its oxidized isoforms show that oxi-M-TTR aggregates at slower rate
than non-oxidized M-TTR, suggesting that it might also be kinetically more stable (Figure
3). Yet, the rates of aggregation of tetramer TTRs are much slower than those of monomeric
TTRs, indicating that even with oxidized proteins the rate limiting step in the aggregation
process is the dissociation of the tetramer. The slower aggregation rate of oxi-M-TTR with
respect to M-TTR could also be explained by the fact that the former is more hydrophilic
than the latter, as seen by faster elution times in an HPLC column in reverse phase (not
shown). It is known that protein aggregation is driven by hydrophobic interactions; thus, the
decrease in hydrophobicity of oxi-M-TTR with respect to M-TTR could also contribute to
the slower aggregation rate observed. These results are consistent with the decreased fibril
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formation propensities of the MetO A peptide (52), prion protein (53), a-synuclein (54),
and apolipoprotein C-11 (55) with respect to their non-oxidized counterparts.

In conclusion, the age-related oxidative modifications of TTR studied decrease the protein’s
thermodynamic stability and can therefore impact on the onset of the senile forms of the
TTR amyloidoses /n vivo. Although oxi-WT TTR is kinetically more stable than non-
oxidized TTR, it still forms the same amount of aggregates at sufficiently long time points
(> 7 days). It is unknown how these two parameters, thermodynamic and kinetic stability,
will play /n vivo. However, other TTR variants with extremely high kinetic stability such as
Y69H or F64S TTR and low thermodynamic stability are known to be amyloidogenic /n
vivo (13).

The current treatment for TTR amyloidosis related to deposition of mutant TTR is liver
transplantation. In this procedure the mutant TTR-producing liver is replaced by a wild type
TTR-producing liver (56). More recently, a new pharmacologic-based therapeutic strategy is
undergoing human clinical trials and is already approved in Europe to treat early stage TTR
amyloidosis (57;58). This strategy consists in the administration of small molecules which
by binding in the TTR T4 pocket kinetically stabilize the native tetramer and prevent
aggregation and fibril formation (57;59). Resveratrol is one such molecule with high
capacity to kinetically stabilize tetrameric TTR and prevent aggregation /n vitro (45) and
TTR-induced toxicity in tissue culture (32;33). By hinding in the TTR T4 pocket, resveratrol
precludes the dissociation of the TTR tetramer into its corresponding monomers -the
precursors of the fibrils and aggregates. Our studies show that car-WT TTR was less
amenable to resveratrol-mediated tetramer stabilization than non-oxidized WT TTR (Figure
4). The TTR T4 binding pocket contains residues which are susceptible to carbonyl
modification (Lys15 and Thr119). It is possible that such modification results in a decreased
affinity of resveratrol for the TTR T4 binding pocket. These results suggest that for the
senile forms of the TTR amyloidoses, where an increased amount of carbonylated TTR
might be present, kinetic stabilization of the tetramer by small molecules might be less
effective than in cases of early onset disease associated with more aggressive, but non-
oxidized TTR mutants. Thus, a therapeutic strategy to delay the onset of the senile forms of
the TTR amyloidoses should consider the prevention of oxidative carbonylation of TTR.

In mouse models of the TTR amyloidoses and in human biopsies of asymptomatic mutant
TTR carriers there is evidence of tissue damage and cell death well before there is detectable
TTR deposition (31). We have previously established a tissue culture model system for the
TTR amyloidoses using human-derived cardiomyocytes of the ventricle — the site of TTR
deposition in the heart (32). In this system, amyloidogenic TTR variants are toxic to the
AC16 human cardiomyocytes, whereas the stable and non-amyloidogenic T119M TTR is
not. Herein we show that all the oxidized forms of TTR are toxic to AC16 human
cardiomyocytes in a dose-responsive manner (Figure 8) indicating that, like their non-
oxidized counterparts, they have potential for tissue damage, before deposition occurs.

In summary, our studies show that an increase in the oxidative state of TTR due to aging
might be a factor contributing to the onset of the TTR amyloidoses. The decreased capacity
of resveratrol to stabilize carbonylated WT TTR suggests that additional therapeutic
strategies to tetramer stabilization, such as anti-oxidant therapy, might be required to delay
or prevent the onset of the senile forms of the TTR systemic amyloidoses.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

pH-dependent aggregation of native and oxidized TTRs. WT (a, ¢) and V1221 TTR (b, d)
and their oxidized isoforms (oxi-TTRs and car-TTRs) were incubated for 7 days at the
designated pH at 37 °C. The extent of aggregation was measured by turbidity at 400 nm (a,
b) and percentage of insoluble protein with respect to initial protein content (c, d). Native
TTR (solid line, squares), oxi-TTR (broken line, circles), car-TTR (dotted line, triangles).
WT TTR and its isoforms are represented by solid symbols; V1221 TTR and its oxidized
isoforms are represented by open symbols. Data shown for one representative experiment
performed in triplicate (mean % SD).
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FIGURE 2.

Relative aggregation of WT TTR (a) and V1221 TTR (b) and their oxidized isoforms. TTR
aggregates and fibrils were generated by incubation at pH 4.4 for 3 days at 37 °C. The extent
of aggregation was measured by Thioflavin T fluorescence (white bars), percentage of
insoluble protein with respect to initial protein content (black bars) and by turbidity at 400
nm (hatched bars). All the values were normalized to those resulting from the non-oxidized
WT TTR and V1221 TTR, respectively. The results shown represent the average of three
independent experiments (mean = SD).
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FIGURE 3.

Kinetics of fibril formation of monomeric M-TTR and its oxidized isoforms. Aggregation of
native M-TTR (solid line, squares), oxi-M-TTR (broken line, circles), car-M-TTR (dotted
line, triangles) was induced by incubation at pH 4.4 at 37 °C without agitation. Percentage
of insoluble TTR was measured over time. Data shown for one representative experiment
performed in triplicate (mean * SD).

Biochemistry. Author manuscript; available in PMC 2014 March 19.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Zhao et al.

Page 22

80-
94.4% 88.4%
| * k% ' °
o 60- - 97.1%
o .
- ,_
o
S 40-
[e)
(72
£
X 204
0 - p— .-—
WT oxi-WT car-WT

FIGURE 4.

Resveratrol-mediated inhibition of aggregation and fibril formation. WT TTR, oxi-WT and
car-WT TTR were incubated at pH 4.4 for 3 days at 37 °C in the presence (black bars) or
absence (white bars) of resveratrol. The percentage of insoluble protein was measured with
respect to the initial protein content. The numbers over the bars represent the percentage of
aggregation inhibition of resveratrol containing samples with respect to vehicle containing
samples. The data show that car-WT TTR is less amenable to resveratrol mediated inhibition
of aggregation and fibril formation than native WT TTR (88% vs 94%, p < 0.001, unpaired

Etest).

Biochemistry. Author manuscript; available in PMC 2014 March 19.



Zhao et al. Page 23

FIGURE 5.
Negative stain TEM images of WT and V122 TTR and their oxidized isoforms subjected to

acid-mediated aggregation conditions for 24h at 37 °C. The labeling of the panels
corresponds to a) WT TTR, b) oxi-WT TTR, c) car-WT TTR, d) V122l TTR, e) oxi-V122I
TTR, f) car-V1221 TTR. All images were taken at 92 000 x magnification. Scale bars
represent 200 nm.
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FIGURE 6.
Stability curves of native and oxidized TTR variants in urea. WT TTR and its oxidized

isoforms (a—d) and V1221 and its oxidized isoforms (e-h) were incubated in the presence of
various concentrations of urea. The curves were generated in the denaturation direction (a, c,
e, g) and in the renaturation direction (b, d, f, h). The amount of folded TTR at any given
urea concentration was measured by tryptophan fluorescence (a, b, e, f) and the amount of
tetrameric TTR at any given urea concentration was measured by resveratrol fluorescence
(c, d, g, h). Non-oxidized TTR (solid line, squares), oxi-TTRs (broken line, circles), car-
TTR (dotted line, triangles). WT TTR and its isoforms are represented by solid symbols,
V1221 TTR and its oxidized isoforms are represented by open symbols. Data shown
represents the average of at least 3 independent experiments performed in triplicate (mean +
SD).
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FIGURE 7.

Kinetic stability of native and oxidized TTR variants in urea. TTR samples were incubated
in 6 M urea at room temperature over a 480 h time course. The degree of folded protein was
measured by tryptophan fluorescence. a) WT TTR, black square; oxi-WT TTR, black
circles; car-WT TTR, black triangles;. b) V1221 TTR, open squares; oxi-V1221 TTR, open
circles; car-V1221 TTR, open triangles. The data shown represents the average of 2
independent experiments performed in triplicate (mean + SD). To appreciate the relative
kinetic stabilities of V1221 TTR and its oxidized isoforms the time scale is reduced to 60h.
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FIGURE 8.

Cytotoxicity of WT TTR and its oxidized isoforms (a) and V1221 TTR and its oxidized
isoforms (b) to human cardiomyocytes. AC 16 cells were exposed to several concentrations
of native and oxidized TTRs for 24 hours. Cell viability was measured by resazurin
reduction assay. Percentage of cell viability was determined with respect to vehicle treated
samples (100% viability). Native TTR, black bars; oxi-TTR white bars, car-TTR, hatched
bars. Results are representative of 2 independent experiments performed in triplicate (mean
+ SD).
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Table 1

Mass spectrometry analysis of several TTR variants subjected to H,O, oxidation. Shown is the number of Met
and Cys in the sequences, the increase in MW observed after H,O, treatment with respect to native (non-

oxidized) TTR and the number oxygen atoms equivalent to the observed MW change. The TTR variants differ
only by the number of Met and Cys in the sequence.

TTRvariant  No.of Met No.of Cys increasein MW  Oxygen atoms

wT 2 1 80 5
V1221 2 1 80 5
C10A 2 0 32 2
M13l 1 1 64 4
T119M 3 1 9 6
F87M/L110M 4 1 112 7
ITTRA 1 1 64 4
M131 ITTR 0 1 48

CI0ATTR 1 0 16 1

arTTR is recombinant protein lacking Met at position -1 (34)

1duasnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Biochemistry. Author manuscript; available in PMC 2014 March 19.



Page 28

Zhao et al.

"T000°05d
KEKK
‘10005
KKK
‘1005d
-

x*

'G0'0 < d ‘(3ueany1ubis ou) su :1s8)-/ pasredun ‘suediSiUNOI PaZIPIXO-UoU A8y} 0} 199dSal Ylim sulslosd pazipIxo sy} 1oj wD ul sabueyd Juedayiubis ainseaw sanjeAd

sxxx  CO0FGZ  wxx VOOFSZ SU  Q00FEE SU  EOOFVE  IZZTA-IED
xxxx GO0FGT  sxxx  B00FVZ xxxx  GO0F8C sxxx PVOOFBZ  IZCIAIXO
8007 6'C 10078 LO00F V'S 9007 'S ULLIZZIA
#x  O000FTE  «x  LZ0F8Z xx GOOFEE SU  GTOFVE LM-1ed
srx E00F8Z  xx  OTOF8T swrxx CUOFBT sxxx GOOFOE LMm-1X0
800 F '€ 60°0F v'E 2T0FSE 900FSE  HllIM
d wo d wo d wo d wo
weleA YLl
Ajquesseay Ajquessesia Buiplojpy Buipjoyun

"30Ud9salon|) Buipulq [0J1eIaASaI AQ painseall sem Ajquuiasseal pue AJquuUassesip Jawel]a) ‘aouadsalon) ueydoidAn Aq painseaw sem Buipjojal
pue BuIpjoun Y11 "SHun Jejow ul pajuassald ale sanfeA W) [V "Bain Ul SSAINI uoleINeUal/uoneInIeusp 11 Jo (W) sanjeA uonisuell Julodpiy

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Biochemistry. Author manuscript; available in PMC 2014 March 19.



