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Abstract

Aggregation of B-amyloid (AB) is widely believed to cause neuronal dysfunction in Alzheimer’s
disease. Transthyretin (TTR) binds to AB and inhibits its aggregation and neurotoxicity. TTR is a
homotetrameric protein, with each monomer containing a short a-helix and two anti-parallel
B-sheets. Dimers pack into tetramers to form a hydrophobic cavity. Here we report the discovery
of a TTR mutant, N98A, that was more effective at inhibiting Ap aggregation than wild-type (WT)
TTR, although N98A and WT bound AB equally. The N98A mutation is located on a flexible loop
distant from the putative AB-binding sites and does not alter secondary and tertiary structures nor
prevent correct assembly into tetramers. Under non-physiological conditions, N98A tetramers
were kinetically and thermodynamically less stable than WT, suggesting a difference in the tetramer folded
structure. In vivo, the lone cysteine in TTR is frequently modified by S-cysteinylation or S-sulfonation. Like
the N98A mutation, S-cysteinylation of TTR modestly decreased tetramer stability and increased TTR's
effectiveness at inhibiting Ap aggregation. Collectively, these data indicate that a subtle change in TTR

tetramer structure measurably increases TTR's ability to inhibit AR aggregation.
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Introduction

Two pathological characteristics of Alzheimer’s disease (AD) are intra-
cellular neurofibrillary tangles, derived from phosphorylated tau pro-
tein, and extracellular plaques in the hippocampus and cerebral
cortex, consisting of B-amyloid (AB) deposits (Wisniewski and Goiii,
2014). AB, a 4.3-kDa proteolytic cleavage product of amyloid precur-
sor protein (APP), spontaneously self-assembles through a multi-step
mechanism into soluble oligomers and insoluble fibrillar aggregates
(Vivekanandan et al., 2011). While the exact mechanism of AD patho-
genesis remains unknown, A aggregates figure prominently in the
dominant ‘amyloid cascade’ hypothesis of AD (Cleary et al., 2005;
Overk and Masliah, 2014). Transgenic mouse models engineered to
express human APP (APP,,) generate large amounts of Ap and de-
velop substantial amyloid deposits. However, these mice exhibit
none of the signs of AD progression predicted by the amyloid cascade
hypothesis, such as neurofibrillary tangles or widespread neuronal cell

death (Stein and Johnson, 2002). The lack of AD-like pathology was
explained when it was noted that APP,,, mice up-regulated transthyr-
etin (TTR) synthesis, as a response against AB deposition (Stein et al.,
2004; Choi et al., 2007). This result suggested that TTR protects against
AB toxicity, a conclusion supported by other in vitro and in vivo studies
(Schwarzman et al., 1994; Giunta et al., 2005; Buxbaum et al., 2008;
Costa et al., 2008; Li et al., 2011).

TTR, a 55-kDa homotetrameric transport protein, circulates in the
blood (3-7 uM) and cerebrospinal fluid (CSF) (0.1-0.4 uM). Each
127-residue monomer contains two anti-parallel B-sheets and a
short a-helix (Fig. 1) (Hamilton ez al., 1993). The dimer forms via ex-
tensive hydrogen bonding between strands H and F of two monomers,
while dimer—dimer association is mediated mainly via hydrophobic in-
teractions between the AB loop and parts of strand H (Foss ef al.,
2005). Thyroxine binds to the hydrophobic pocket produced from
tetramer assembly. TTR serves as the primary carrier for thyroxine
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Fig. 1 Ribbon structure of human TTR. (A) Monomer, (B) dimer and (C) tetramer
with S23 (blue), S100 (green) and N98 (red) highlighted. Generated from PDB
entry 1DVQ. Each monomer has an ‘inner sheet’ of strands D, A, G and H, and
an ‘outer sheet’ of strands C, B, E and F as well as a lone o-helix between the E
and F strands.

in the CSF and a secondary carrier in the blood. TTR also functions as
a carrier for retinol-binding protein (RBP). Both ligands reportedly
stabilize the TTR tetramer (White and Kelly, 2001). TTR contains
one free cysteine (Cys10) per monomer but no disulfide bonds.
Post-translational oxidative modification at the Cys10 residue is com-
mon, with the most frequent reported to be S-cysteinylation, followed
by S-sulfonation. Cys10 oxidation is generally more frequent in the
blood than in the CSF; estimates vary, but typically it is reported
that ~80% of the plasma TTR, but <40% of the CSF TTR, is oxidized
(Biroccio et al., 2006; Kingsbury et al., 2007; Trenchevska et al., 2011,
2014; Poulsen et al., 2012, 2014).

Wild-type (WT) TTR has a highly stable quaternary structure and
is a robust protein as evidenced by the unusually large number of mu-
tations that have been identified in the adult population: at least 124
TTR mutants are known, at 72 different positions (Rowczenio et al.,
2014). The prevalence of variant TTR genes may be as high as 1 in
100 000 (Benson and Uemichi, 1996). Many of the TTR mutants
are linked to late-onset inherited amyloid diseases such as familial
amyloid polyneuropathy (FAP) (Planté-Bordeneuve and Said, 2011).
Other mutations are benign or even protective (Hammarstrom et al.,
2001). Invariably, the disease-associated mutations destabilize TTR’s
quaternary and/or tertiary structure (Hurshman Babbes ez al., 2008).
This and other observations have led to the hypothesis that TTR amyl-
oid develops by tetramer dissociation to folded monomer, structural
re-arrangement of the monomer and finally re-association of mono-
mers into long fibrils (Lashuel ez al., 1998; Quintas et al., 1999).
WT TTR is the cause of senile systemic amyloidosis, a disease affecting
up to 25% of those over 80 years of age (Westermark et al., 1990). WT

TTR too is believed to initiate amyloidosis via tetramer destabiliza-
tion, caused not by mutation but by destabilizing environmental or
cellular factors (Foss et al., 2005; Palaninathan et al., 2008).

In previous work, we established that TTR binds directly to AB oli-
gomers, slows its further aggregation and thereby reduces AB toxicity.
We identified two specific residues, L82 on the EF helix and L110 on
strand G, where mutation to alanine led to loss of binding, loss of in-
hibition of aggregation and loss of inhibition of toxicity (Du et al.,
2012). The interior pocket (including strand G) was also identified
as the A binding site by another group, using different methodologies
(Li et al., 2013). We proposed the hypothesis that AB oligomers bind
to the EF helix on the exterior of the tetramer and that the binding in-
duces a shift in tetramer structure and partial tetramer destabilization,
which in turn facilitates stronger inhibition of aggregation (Yang ez al.,
2013). TTR mutants L55P (unstable tetramer), S1121 (dimer) and
F87M/L110M (monomer, mTTR) demonstrated enhanced binding
to AB, and mTTR was a stronger inhibitor of AB aggregation than
WT (Du et al., 2012). Those studies established that a partial
(S112I, L55P) or complete (mTTR) loss of quaternary structure in-
creases binding to Ap and improves inhibition of Ap aggregation.

In this work, we asked whether more subtle changes in TTR qua-
ternary structure, without loss of tetramer formation, would also lead
to greater AP binding and/or greater inhibition of AB aggregation. To
examine this question, we mutated selected residues in flexible loop re-
gions of TTR to alanine and characterized their interactions with Ap.
We extended these studies to also determine if oxidative modifications
that occur naturally and affect TTR tetramer stability (Zhang and
Kelly, 2003; Kingsbury et al., 2008) also change the nature of
TTR’s interaction with AB.

Materials and methods

TTR mutagenesis, production and purification

A recombinant plasmid of human WT TTR (pTWIN1-TTR) was as-
sembled as previously described (Liu et al., 2009). The TTR mutant
plasmids were created using the QuikChange II Site-Directed
Mutagenesis Kit (Stratagene, LaJolla, CA) using pTWIN1-TTR as
the template. Sequencing of plasmids verified successful mutations.
The mutant plasmids were transformed into BL21(DE3)pLysS cells
(Promega, Madison, WI). WT and mutants S23A, S100A, N98A
and F87M/L110M [mTTR, stable monomeric TTR (Jiang et al.,
2001)] were produced and purified as previously described (Du
et al., 2012). Size-exclusion chromatography (SEC) removed trace
amounts of aggregates, and each protein stock was filtered through
0.22 pm filter. TTR tetramer concentration was determined by absorb-
ance at 280 nm using an extinction coefficient of 77 600 M~! cm™
(Bateman et al., 2011). TTR was stored in PBSA-E (10 mM
Na,HPO,4/NaH,PO,4, 150 mM NacCl, 0.02% w/v NaNj; and 1 mM
EDTA at pH 7.4) unless otherwise indicated.

Size-exclusion chromatography

TTR (~1.5 mg/ml) was injected into a BioAssist G3SWXL column
(Tosoh Bioscience, King of Prussia, PA) on a high-performance liquid
chromatography (HPLC) system using PBSA-E as the mobile phase.
The elution peaks were detected by absorbance at 280 nm with the
mobile phase flow rate at 1 ml/min.

TTR oxidation
To prepare S-cysteinylated protein (C-TTR), cystine (6 mg) was added
to 20 ml of boiling PBSA (10 mM Na,HPO,/NaH,PO,4, 150 mM
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NaCl, and 0.02% w/v NaNj at pH 7.4), stirred until completely dis-
solved and then cooled to room temperature before use. Equal volumes
of cystine (1.25 mM) and TTR (13 uM) were mixed and incubated
overnight at room temperature with magnetic stirring. S-sulfonated
TTR (S-TTR) was prepared by mixing sodium tetrathionate (40 mM)
in PBSA with TTR (13 pM). Reactions were terminated by 3x dialysis
against PBSA at room temperature. All samples were analyzed by a lin-
ear trap/FT-ICR MS (LTQ FT Ultra) hybrid mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany). Successful oxidation
was confirmed: TTR, 13761.6 Da (theoretical 13 761.04 Da);
C-TTR, 13880.78 Da (theoretical 13 880.05 Da, A=119); and
S-TTR, 13 841.71 Da (theoretical 13 841.89 Da, A=380). From the
mass spectra, we estimated that yield of oxidized species was close to
100% (not shown). All samples were filtered through 0.22 pm filters
prior to experiments.

AR preparation

AB(1-40) (AnaSpec, Inc., San Jose, Ca) was dissolved in a filtered
(0.22 um) 50% acetonitrile solution to 1 mg/ml, frozen overnight at
—80°C and re-lyophilized. To prepare the AB stock solution, lyophi-
lized AB was dissolved in a filtered (0.22 pm) 8 M urea/100 mM gly-
cine-NaOH buffer at pH 10 to a final concentration of 2.8 mM. Stock
was divided into 4 or 8 pL aliquots, snap-frozen in an ethanol bath
and stored at —80°C. Immediately before each experiment, aliquots
were thawed and diluted into 0.22 pum filtered PBSA. Ap monomer
has an extinction coefficient of 1490 M~ cm™" at 280 nm and a
molecular weight of 4330 Da (Christopeit et al., 2005).

Gel electrophoresis (SDS-PAGE)

TTR (3.6 uM) in PBSA-E was diluted into SDS to a final concentration of
2% (wiv) SDS. A duplicate of each sample was boiled for 10 min. Samples
were loaded on a Precise 4-20% polyacrylamide gradient gel (Pierce,
Rockford, IL) along with EZ-Run Protein Ladder (Fisher BioReagents,
Fair Lawn, NJ). After electrophoresing with SDS-TRIS-HEPES buffer
for 45 min at 125 V, the gel was stained with Coomassie blue.

For monitoring AB-induced destabilization, TTR (3.6 uM) with A
(60 or 80 uM) was incubated for 1-3 days at 37°C. Samples were
loaded in a Precise 4-20% polyacrylamide gradient gel (Pierce,
Rockford, IL), electrophoresed and stained.

ANS fluorescence

TTR and 1-anilinonaphthalene-8-sulfonic acid (ANS, AnaSpec,
Fremont, CA, USA) were prepared to a final concentration of 1 and
29 uM, respectively, in PBSA-E. ANS fluorescence spectra were mea-
sured using a PTI QuantaMaster spectrofluorometer (Birmingham,
NJ, USA) with excitation at 370 nm and emission recorded from
440 to 500 nm. For each sample, the average of triplicate spectra
minus the background ANS signal was reported. ANS concentration
was measured using an extinction coefficient of 4950 M~' cm™' at
350 nm (Hawe et al., 2008).

Circular dichroism

TTR was dialyzed overnight against phosphate-NaF buffer (10 mM
Na,HPO4/NaH,PO,4 and 150 mM NaF at pH 7.4). TTR was diluted
to 2 uM in phosphate-NaF buffer, and the circular dichroism (CD)
spectrum of each protein was measured on an Aviv 202SF CD spectro-
photometer from Aviv Biomedical (Lakewood, NJ) at room tempera-
ture. Blank solvent spectra were measured and subtracted from the
sample spectra.

Tryptophan (Trp) fluorescence

Fluorescence spectra of TTR (0.1 mg/mL) in PBSA were measured
using a QuantaMaster spectrofluorometer with excitation at 290 nm
and emission recorded from 300 to 420 nm. For each sample, the aver-
age of triplicate spectra minus the background was reported.

Acid-induced TTR aggregation

TTR in PBSA-E was diluted into acidic buffer (200 mM sodium acet-
ate/acetic acid, 150 mM NaCl and 1 mM EDTA at pH 4.3) to a final
tetramer concentration of 0.25 mg/mL and pH of 4.4 to initiate aggre-
gation. Aggregate growth was monitored by dynamic light scattering

(DLS).

Urea denaturation

Urea denaturation experiments were completed following the protocol
of Hurshman Babbes et al. (Hurshman Babbes et al., 2008). Stock
urea solutions were prepared in buffer, with the urea concentration
determined by refractive index measurement. TTR at either 0.9 or
9 uM was prepared in buffers containing varying (0-7 M) urea and
then incubated for 96 h at 4°C. Fluorescence measurements were
taken in a PTI QuantaMaster spectrofluorometer. Samples were
excited at 295 nm, and fluorescence emission spectra were recorded
from 310 to 410 nm. Intensities at 335 and 355 nm were recorded,
and solvent contribution was subtracted before calculating the ratio
I355/1335 nm as a measure of the extent of unfolding.

TTR tetramer dissociation kinetics (S-TRAP)

TTR dissociation kinetics were measured using a method described in
detail elsewhere (Xia et al., 2012). Briefly, TTR was prepared at
0.4 mg/mL in PBSA-E. SDS buffer [2 mM DTT, 25% (w/v) glycerol,
2% (w/v) SDS, 0.01% bromophenol blue and 62.5 mM Tris-HCI
(pH 6.8)] (Bio-Rad Laboratories, Hercules, CA) was preheated at
90°C for 10 min. The preheated SDS buffer was added to an equal vol-
ume of TTR so that the final concentration of protein and SDS were
0.2 mg/mL (3.6 pM) and 1%, respectively. Upon mixing, samples
were incubated at 80°C for various lengths of time. After incubation,
samples were rapidly cooled on ice for 10 s and then centrifuged at
4000 rpm for 5s at room temperature. Samples were loaded on a
Precise 4-20% polyacrylamide gradient gel (Pierce, Rockford, IL)
along with EZ-Run Protein Ladder (Fisher BioReagents, Fair
Lawn, NJ). After electrophoresing with SDS-TRIS-HEPES buffer
for 45 min at 125V, the gel was stained with Coomassie blue.
Destained gels were photocopied, and the densities of tetramer and
monomer bands were quantified by Image]. The fraction of monomer-
ic protein as a function of incubation time was fitted to a single expo-
nential function to determine the tetramer dissociation constant (kq).

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) plates (Corning, Inc.,
Corning, NY) were coated with 5 pg/mL of TTR or mTTR (100 pl per
well) in coating buffer (10 mM sodium carbonate, 30 mM sodium bicar-
bonate, 0.05% NaNj; at pH 9.6) overnight at room temperature. The
plate was washed three times with wash buffer (PBS with 0.05%
Tween 20) and incubated with protein-free blocking buffer (Pierce,
Rockford, IL) for 1 h at room temperature. For a negative control,
TTR was not coated, but wells were incubated with blocking buffer.
Three to five replicate wells were prepared at each condition. AB
(28 uM in PBSA) was incubated at room temperature for 2 days to
allow the peptide to aggregate, then diluted to 0.5 ug/mL in PBS and
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immediately added to TTR-coated or negative control wells (50 pl/well).
The plate was incubated at 37°C for 1 h. After washing the plate, anti-AB
antibody 6E10 (Covance, Princeton, NJ) in wash buffer (1:3000) was
added to each well (100 pl/well), and the plate was incubated at room
temperature for 1 h with gentle shaking. After washing, anti-mouse
HRP antibody (1:3000 dilution; Pierce, Rockford, IL) was added to
each well (100 pl/well), and the plate was incubated for 1 h at room tem-
perature with gentle shaking. The plate was washed three times with
wash buffer, and then 100 ul of 3,3",5,5'-tetramethylbenzidine (TMB)
substrate solution (Pierce, Rockford, IL) was added to each well. The
plate was incubated at room temperature for 15-30 min; color develop-
ment was stopped by adding 100 pl of 2 M sulfuric acid. Absorbance was
measured at 450 nm with an EL800 Universal Microplate Reader
(Bio-tek Instruments, Inc., Winooski, VT). AB binding was calculated
as the mean of three or four replicate wells minus the mean of the negative
control (AP alone) absorbance.

For experiments with oxidized TTR, AB was pre-aggregated at
0.8 mg/mL for 2 days at room temperature and then diluted to 5 pg/
mL in PBS before adding to the plate. A 1:1500 dilution into wash buf-
fer was used for both the anti-Ap antibody (6E10) and anti-mouse
HRP antibody.

Thioflavin T fluorescence

Thioflavin T (ThT) (Fisher Scientific, Fair Lawn, NJ) solution at 11 uM
in PBSA was filtered through 0.22 pm; ThT concentration was measured
using an extinction coefficient of 26 600 M~! cm™ at 416 nm in ethanol
(Hawe et al., 2008). AB (28 uM) with or without TTR (3.6 uM) in PBSA
was incubated at 37°C for 2-48 h. Immediately prior to measurement
on a QuantaMaster spectrofluorometer, 10 uL of protein was added
to 130 uL of 11 uM ThT (PTI, Birmingham, NJ) with an excitation at
440 nm and emission recorded from 450 to 550 nm. The average of trip-
licate signals at 480 nm minus the background signal of ThT in PBSA
described the extent of AP fibril formation for each sample.

Dynamic light scattering

PBSA was filtered through 0.02 pm filter. A alone (28 pM) or with
TTR (3.6-4 pM) in PBSA was filtered through a 0.45 pm filter directly
into a light-scattering cuvette and then placed into a bath of the index-
matching solvent decahydronaphthalene with temperature controlled
at 37°C. Light-scattering data at 90° scattering angle were measured
using a Brookhaven BI-200SM system (Brookhaven Instruments
Corp., Holtsville, NY) and an Innova 90C-5 argon laser (Coherent,
Santa Clara, CA) operating at 488 nm and 150 mW. The z-averaged
hydrodynamic diameter was determined from the autocorrelation
function using the method of cumulants. The total scattered intensity
was measured at 90° scattering angle and normalized by the total mass
protein concentration. The normalized intensity is proportional to
the weight-average molecular weight of the aggregates times a
particle scattering factor that is a function of the shape and size of
aggregates.

Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) measurements were taken with a
Nanosight LM 10 (Nanosight, Amesbury, UK) equipped with a 405 nm
laser. All buffers were filtered through 0.02 um filters prior to use. Af
(28 uM) mixed with TTR (3.6 uM) was filtered through 0.02 um and
injected into the sample chamber using a syringe. All measurements
were collected at room temperature with the camera level set to the max-
imal value. One 90 s video was taken at various time points. The data
were recorded and analyzed using NTA version 2.3.

Transmission electron microscopy

ApB alone (28 uM) or with TTR (3.6 uM) in PBSA was incubated for 1-3
days at 37°C. A drop of sample was positioned on a pioloform-coated
grid and stained with methylamine tungstate stain. Images were then
taken with a Philips CM 120 scanning transmission electron microscope
(FEI Corp., Eindhoven, The Netherlands).

Results

Selection of mutants

Several groups have established that TTR inhibits Ap aggregation and
toxicity in vitro (Schwarzman et al., 1994; Giunta et al., 2005; Li et al.,
2013). We previously showed that inhibition of aggregation is a direct
result of TTR-AB binding, and we identified two critical residues for
binding, on the solvent-exposed EF helix (L82) and in the interior of
the TTR tetramer, on strand G (L110) (Du et al., 2012; Yang et al.,
2013). We also identified other residues in or near strand G that re-
duced or eliminated AB binding (Cho et al., 2014). TTR mutants
L55P (an unstable disease-associated mutant that is a mix of monomer
and tetramer), S1121 (dimer) and F87M/L110M (mTTR, an engi-
neered monomer) all demonstrated enhanced binding to AB, and
mTTR was a stronger inhibitor of Ap aggregation than WT (Du and
Murphy, 2010; Du et al., 2012).

In this study, we asked whether mutations in TTR, which did not
interfere with tetramer formation, would influence its binding to AB
and/or affect its inhibition of AB aggregation. We searched for polar
non-charged residues in flexible loop regions, hypothesizing that these
residues are unlikely to interfere with attainment of TTR’s native sec-
ondary, tertiary or quaternary structure. We selected three positions:
$23,N98 and S100 (Fig. 1). All three residues have neutral hydrophilic
side chains. S23 is located on the AB loop near the dimer—dimer inter-
face. N98 and S100 are located on the solvent-exposed FG loop and,
based on analysis of the crystal structure, appear to hydrogen bond
with the solvent. None were identified as critical residues for binding
to AB (Duetal., 2012; Cho et al., 2014). We replaced each selected resi-
due with alanine, the amino acid most commonly chosen in mutagen-
esis studies because of its relatively small size and neutral properties
(Hecht et al., 2013). All mutants were readily expressed and purified.
On denaturing SDS-PAGE, WT and all TTR mutants were monomers
of the correct molecular weight (Supplementary Fig. S1). All eluted on a
size-exclusion column as a single peak at the same elution volume as
WT, demonstrating that mutations did not interfere with tetramer as-
sembly (Supplementary Fig. S2).

TTR mutant interaction with B-amyloid

All three mutants bound AB, with slightly reduced binding to S23A
and slightly enhanced to N98A relative to WT, but the differences
were not statistically significant (Supplementary Fig. S3).

Thioflavin (ThT) fluorescence intensity is widely used as an indica-
tor of the mass concentration of amyloid fibrils (Krebs et al., 2005).
We used ThT to test whether the three mutants were able to inhibit
AP aggregation. AB alone developed ThT fluorescence that increased
over time, as expected (Fig. 2). WT, S23A and S100A all partially sup-
pressed ThT fluorescence to similar extents. Unexpectedly, N98A was
a significantly more effective inhibitor of amyloid fibril growth than
WT (P<0.01 at 24 and 48 h).

Measuring changes in ThT fluorescence intensity is not a foolproof
means of detecting changes in amyloid content. For example, ThT in-
tensity could be reduced upon addition of another compound due to
competition for fibrillar binding sites between ThT and the added
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37°C was measured by DLS.

compound. Furthermore, some prefibrillar amyloid oligomers may be
weakly ThT positive, and some amyloid fibrils are ThT negative (Cloe
et al.,2011). To confirm the conclusion that N98A was a stronger in-
hibitor than WT, we measured the increase in the mean hydrodynamic
diameter of AB aggregates in the presence of WT or N98A. Ap aggre-
gation (28 uM) with or without WT or N98A (3.6 uM) was moni-
tored for 4 h at 37°C (Fig. 3). At these experimental conditions, WT
and N98A are stable and do not aggregate (data not shown). Af alone
exhibited the fastest increase in mean hydrodynamic diameter.
Although WT partially slowed AB aggregate growth, N98A was meas-
urably more effective than WT at reducing AB aggregate growth rate.
We also examined A aggregate size using NTA, a particle-by-particle
scattering technique that yields both a particle size distribution and an
absolute particle number concentration. Protein aggregates of 30 nm

of AB aggregates and shifted the particle size distribution toward smal-
ler particles. Finally, we observed the effect of TTR (WT and mutants)
on AP aggregate morphology using transmission electron microscopy
(TEM) (Fig. 5). In the absence of TTR, the AB sample contained very
dense packing of long, thin fibrils. Qualitatively, A with WT con-
tained fewer fibrils, and with N98A, fewer still, although there was
no change in fibril morphology.

Thus, N98A and WT bind similar amounts of AB, but N98A is a
better inhibitor than WT, a conclusion consistent across several differ-
ent measures of AB aggregation. Inhibition is achieved through both a
reduction in the number of fibrillar aggregates and the mean size of
aggregates. Those AP aggregates that remain are fibrillar; therefore,
N98A inhibition of AB aggregation does not require a change from
fibrillar to amorphous morphology.

N98a structure and stability

To try to determine the basis for N98A’s enhanced activity against AB,
we evaluated its structure and stability. CD spectra of N98A were
identical to WT, demonstrating that the alanine mutation did not



214

P.Mangrolia et al.

Fig. 5 TEM images of Ap with TTR mutants. AB incubated alone (A) or with WT
(B) or N98A (C) at 37°C for 24 h. All scale bars represent 500 nm in length.
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concentration was 1 uM. ANS (29 uM) was excited at 370 nm, and emission
spectra were collected.

disrupt the secondary structure (Supplementary Fig. S4). Similarly,
Trp fluorescence spectra were identical (Supplementary Fig. S5), indi-
cating no change in tertiary fold (Lai et al., 1996; Hurshman Babbes
et al., 2008).

TTR functions as a transport protein for thyroxine, which binds in
a hydrophobic channel formed upon assembly of the tetramer
(Hamilton and Benson, 2001). The fluorescent dye ANS can bind in
this channel, upon which its fluorescence intensity is greatly enhanced
and its emission maximum shifts from 515 to 465 nm (Cheng et al.,
1977). Therefore, ANS fluorescence is used as an indicator of tetramer
assembly and provides a measure of the compactness and stability of
the core (Yang et al., 2013). ANS spectra were virtually identical for
WT and S100A (Fig. 6), and fluorescence intensity was slightly higher
for S23A. In contrast, ANS fluorescence intensity was lower for N98A
compared with WT. This decrease could be attributed to a change in

A 12

F (355/335)

F (355/335)

07 - : ' '
1
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Fig. 7 Thermodynamic stability of TTR mutants measured via urea
denaturation. The ratio of Trp fluorescence intensities, a measure of the
degree of unfolding, for (A) WT (filled circles), S23A (diamonds) and N98A
(filled triangles) at 0.9uM. (B) Concentration dependence of urea
denaturation for WT at 0.9 uM (filled circles), WT at 9 uM (empty circles),
N98A at 0.9 uM (filled triangles) and N98A at 9 uM (empty triangles). Curves
are fits of the data to an apparent two-state model (Hurshman Babbes et al.,
2008).

the structure or integrity of the thyroxine-binding pocket, an unex-
pected observation since N98 resides far away from the pocket.

TTR thermodynamic stability can be measured by the shift in Trp
fluorescence spectra due to unfolding in the presence of chemical de-
naturants (Hurshman Babbes et al., 2008). Unfolding curves were
identical for S23A and WT, while N98A unfolded at a lower urea con-
centration (Fig. 7A). TTR unfolding is a two-step process involving
coupled steps of tetramer dissociation and monomer unfolding; the
unfolding curves are therefore dependent on the concentration of
the protein (Hurshman Babbes ez al., 2008). While WT showed the
expected increase in stability (shift in the unfolding curve toward high-
er urea) as its concentration was raised from 0.9 to 9 pM, there was
much less shift in the unfolding curve with an increase in N98A con-
centration (Fig. 7B). This result indicates that the decrease in thermo-
dynamic stability of N98A is due primarily to a reduction in the
stability of the tetramer against dissociation, rather than in the stability
of the monomer fold (Supplementary Table SI and accompanying sup-
plemental text).
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WT TTR is stable at neutral pH but will aggregate into amyloid
fibrils at moderately acidic pH. We induced aggregation (WT or
N98A) at pH 4.4 and monitored the growth of aggregates by DLS
(Supplementary Fig. S6). The rate of growth of N98A aggregates
was slightly faster than for WT, implying the mutant is a less stable
tetramer than WT (Zhao et al., 2013). Finally, we measured the ther-
mal stability of TTR tetramers at 80°C using the S-TRAP method (Xia
et al., 2012). There was no statistically significant change in the tetra-
mer dissociation rate constant kg4 for WT, S23A and S100A (Table I).
For N98A, kg was 30% greater than WT (P = 0.02).

In summary, N98A exhibited no differences in secondary or ter-
tiary structure compared with WT, and the mutant correctly and
fully assembled into tetramers. However, the hydrophobic thyroxine-
binding pocket, formed by tetramer assembly, is less compact than
WT, and N98A tetramers are less resistant to dissociation, in the pres-
ence of chemical denaturants, low pH or high temperature. A subtle
modification in tetramer structure and/or stability may explain both
N98A’s decreased resistance to dissociation and N98A’s greater abil-
ity to inhibit AP aggregation.

Cys10 oxidation, stability and inhibition of AB
aggregation

The single free cysteine in TTR, Cys10, is frequently oxidized in vivo,
with S-cysteinylation and S-sulfonation the most common modifica-
tions (Biroccio et al., 2006; Kingsbury et al., 2007; Trenchevska
et al., 2011; Poulsen et al., 2012). Oxidation affects TTR stability,
with S-cysteinylation destabilizing and S-sulfonation stabilizing, rela-
tive to unoxidized WT (Zhang and Kelly, 2003; Kingsbury et al.,
2008; Zhao et al., 2013). Given our results with N98A, we asked
whether Cys10 oxidation would also affect TTR’s ability to inhibit
ApB aggregation.

We oxidized TTR in a controllable manner to afford the
S-cysteinylated (C-TTR) and S-TTR isoforms. CD spectra for S-TTR
and C-TTR were identical to WT (not shown), indicating that the
modifications had no effect on the secondary structure of the protein.
Consistent with retention of native quaternary structure, all samples
migrated as tetramers on SDS-PAGE in the absence of boiling (not
shown). ANS fluorescence spectra for WT TTR and S-TTR were iden-
tical (Fig. 8), but for C-TTR, fluorescence intensity was reduced rela-
tive to the other proteins. These data confirm that S-sulfonation does
not alter the thyroxine-binding cavity, while demonstrating the partial
loss of the pocket with S-cysteinylation.

We next tested whether oxidation had any effect on the thermal
stability of tetramers using the S-TRAP method (Xia et al., 2012).
The dissociation rate constant kp at 80°C was 0.24 + 0.05 min~* for
S-TTR and 0.52 = 0.07 min™" for C-TTR, demonstrating that S-TTR
tetramers are kinetically more stable, and C-TTR is less stable, than
unoxidized WT (kp=0.30 = 0.05 min™"). TTR aggregation was in-
duced under mildly acidic (pH 4.4) conditions, and the kinetics
were followed by DLS. The fastest growth rate was observed with
C-TTR and the slowest with S-TTR (Supplementary Fig. S7). These
results are consistent with the order of kinetic stability determined

Table I. TTR tetramer dissociation rate constants ky at 80°C

kg (min™")
WT 0.30+0.05
S23A 0.34+0.06
S100A 0.34+0.06
N98A 0.40 = 0.06

from S-TRAP and literature data (Zhang and Kelly, 2003; Kingsbury
et al., 2008; Zhao et al., 2013).

We compared AP binding to TTR, S-TTR and C-TTR and ob-
served no statistically significant differences in AB binding to unmodi-
fied TTR versus either of the oxidized forms (Supplementary Fig. S8).
Finally, we tested whether oxidation altered the ability of TTR to in-
hibit AB aggregation. By ThT fluorescence, S-TTR was less effective,
and C-TTR was more effective, than unoxidized WT at reducing Af
aggregation (Fig. 9). By light scattering, we saw no significant differ-
ence between unmodified WT and S-TTR, but C-TTR inhibited AB ag-
gregation more effectively than WT (Supplementary Fig. S9). After 3
days of incubation of AB at 37°C, we observed by TEM a large number
of long (200 nm to >1 micron) unbranched fibrils (Fig. 10A). In sam-
ples of AB with unoxidized WT or S-TTR (seven-fold excess AB), fi-
brils were similar in morphology (Fig. 10B and C). A fibrils formed

Fluorescence Intensity (a.u.)

L 1 L | L
440 460 480 500
\Wavelength (nm)

Fig. 8 ANS fluorescence of oxidized TTR. WT (filled squares), S-TTR (empty
circles) and C-TTR (empty triangles). TTR concentration was 1uM. ANS
(29 uM) was excited at 370 nm.

. A

WT + Ap
EZE S-TTR + Ap
[1C-TTR+Ap

Relative Fluorescence

H

24h

Fig. 9 Effect of oxidation of TTR on inhibition of AB aggregation. TTR (3.6 uM)
was incubated with AB (28 uM) at 37°C for 24 h. ThT was used to assess the
extent of fibril formation.
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Fig. 10 TEM images of AB with oxidized TTR. AB incubated alone (A) or with TTR
(B), S-TTR (C) or C-TTR (D) at 37°C for 3 days. All scale bars represent 500 nm
in length.

in the presence of C-TTR were noticeably fewer in number and short-
er, with typical lengths of ~100 nm, and only a few fibrils >500 nm
(Fig. 10D).

Taken together, the data demonstrate that C-TTR tetramers are
less resistant to dissociation, but C-TTR is a better inhibitor of AB ag-
gregation. Functionally, S-cysteinylation has very similar effects as the
N98A mutation on both TTR structure and its interaction with Ap.

AB-induced destabilization

In SDS-PAGE, WT TTR migrates as tetramers if the samples are not
boiled. N98A, S100A and S23A all formed tetramers similar to WT,
as expected (Supplementary Fig. S1). N98A displayed an additional
weak monomer band at ~14 kDa. The appearance of monomers on
gels is likely an effect of SDS and another indication that N98A tetramers
are less resistant to dissociation compared with WT, because by SEC
there was no evidence for N98A monomers in PBS (Supplementary
Fig. S2).

Previously, we used non-boiling SDS-PAGE to detect that AB bind-
ing destabilizes TTR tetramers (Yang et al., 2013). We hypothesized
that destabilization occurs upon AP binding to L82 on the EF helix.
To determine if mutation to N98A, or Cys10 oxidation, affected the
extent of AB-mediated dissociation, we incubated WT, N98A and
C-TTR alone or with AB for 1-3 days at 37°C and then analyzed
the samples by gel electrophoresis. In the absence of AB, WT and
C-TTR remained fully tetrameric (Supplementary Fig. S10B). When
AP was incubated with WT or C-TTR, 5-10% of TTR was now in
monomer form, consistent with previous results. N98A alone was pri-
marily tetrameric but with a minor monomer band as previously men-
tioned, the density of which increased after co-incubation with AB
(Supplementary Fig. S10A). The net increase in TTR monomer due
to AB was the same for N98A as for WT or C-TTR, suggesting that
the destabilization of TTR tetramers caused by the N98A mutation
or by S-cysteinylation is independent of the destabilization caused
by AB binding.

Discussion

There are an unusually large number of naturally occurring TTR mutants
(Rowczenio et al., 2014). These mutations are not intrinsically lethal, but

some lead to TTR amyloidoses late in life. The disease-associated mu-
tants invariably exhibit reduced tetramer stability, which correlates
strongly with an enhanced tendency to self-associate into amyloid fibrils
(Benson and Uemichi, 1996; Lashuel ef al., 1998; Quintas et al., 1999).
Even WT TTR, although generally considered to be a very stable tetra-
meric protein, will sometimes aggregate into amyloid fibrils, causing se-
nile systemic amyloidosis, a disease that affects the elderly. Given the
late-onset nature of these disorders, there has been some speculation
that age-related changes in folding fidelity reduce TTR tetramer stability,
thereby triggering susceptibility to aggregation.

In this study, we report the discovery of a mutation, N98A, which
increases the effectiveness of TTR at inhibiting AB aggregation, as
measured by several different methods (Figs. 2-5). The asparagine
to alanine substitution is in a flexible loop region, distant from the pu-
tative AB-binding sites, and does not affect secondary or tertiary struc-
ture, prevent tetramer assembly, or change the amount of AR bound
(Supplementary Fig. S3). Alanine substitution in a flexible loop, by it-
self, is insufficient to improve TTR’s effectiveness, as two other mu-
tants (S23A and S100A) were identical to WT in their ability to
inhibit Ap aggregation. Several lines of evidence indicate that the
N98A mutation increases TTR susceptibility to tetramer dissociation.
Specifically, we observed a shift in ANS binding and a decrease in the
stability of tetramers in urea, at low pH, or at high temperature
(Figs. 6, 7 and Supplementary Fig. S6; Table I). These changes were
not observed for S23A or S100A. We attribute N98A’s greater
inhibition of AP aggregation to its reduced resistance to tetramer
dissociation.

Besides mutation, post-translational modification can influence
protein folding and stability. In the blood and CSF, a substantial frac-
tion of TTR’s lone cysteine (Cys10) is oxidized (Biroccio et al., 2006;
Kingsbury et al., 2007; Trenchevska et al., 2011, 2014; Poulsen et al.,
2012, 2014). We confirmed that mild oxidation did not affect TTR’s
secondary structure nor prevent assembly into tetramers and that
S-cysteinylation, but not S-sulfonation, modestly reduced the kinetic
stability of TTR. Again, we observed a clear connection between re-
duced tetramer stability and enhanced AP inhibition; S-cysteinylated
TTR bound the same amount of AB as unoxidized WT but was
more effective at slowing AB aggregation.

These data are useful in considering the mechanism by which TTR
binds to AB and inhibits its aggregation. There are several possibilities,
including: (1) TTR tetramers bind to Ap monomers, reducing free AB
concentration and thereby reducing both oligomer formation and fur-
ther growth of oligomers by monomer addition; (2) TTR tetramers
first dissociate into TTR monomers, which bind to AB monomers;
(3) TTR tetramers bind to AP oligomers, sequestering them and pre-
venting growth; and (4) TTR tetramers first dissociate into TTR
monomers, which bind to A oligomers.

In order to evaluate the feasibility of each alternative, we estimated the
concentration of TTR tetramers and monomers at the experimental con-
ditions used in most of our aggregation assays (3.6 pM TTR as tetramers,
28 pM AB as monomers). To obtain this, we used urea denaturation data
to estimate equilibrium constants for tetramer dissociation to monomer,
and monomer unfolding. (See Supplemental Information.) From this, we
estimated that at 3.6 pM, WT contains ~0.1 pM monomers (~0.7%
dissociated by mass), but N98A contains ~1 pM monomers (~7%
dissociated by mass).

We consider each alternative in turn. First, TTR tetramers could
bind AB monomers, thus decreasing the effective AB concentration
available for aggregation. Li et al. estimated K4 ~24 pM for this inter-
action (Li ez al., 2013). Using this value and assuming a 1:1 stoichiom-
etry, under our experimental conditions only 1.8 pM AB monomer is
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bound, so the free AB concentration is reduced by only 7% (from 28 to
26.2 pM). It is highly unlikely that this minor change in A concentra-
tion can account for the significant inhibition of aggregation achieved
by WT. N98A tetramer concentration is slightly lower (~3.3 pM) due
to greater dissociation, so the amount of AB monomer bound to N98A
tetramers would be even less. One would therefore expect N98A to be a
poorer inhibitor of A than WT, which is opposite to our observations.
Thus, we think TTR tetramer binding to AB monomer is the least likely
mechanism of interaction leading to inhibition of aggregation.

A second alternative is that TTR monomers bind to Ap monomers.
We are not aware of experimental measurement of K4 for the TTR
monomer—Af monomer interaction. Nonetheless, if we assume a
strong affinity and a 1:1 stoichiometry, we can readily calculate that
at most this mechanism could remove 0.1 pM AB (0.3% of the
pool) with WT and 1 pM AP (3.5% of the pool) with N98A.
Directionally, this is consistent with our observation that N98A is
more effective than WT, but it seems highly unlikely in either case
that this very minor reduction in concentration would have any
measurable impact on AB aggregation rates.

Alternatively, the mode of inhibition could require TTR inter-
action with AP oligomers. We and others previously demonstrated
that the amount of AB bound to adsorbed TTR was much higher if
the AP preparation was pre-aggregated (Li ef al., 2013; Yang et al.,
2013). We do not have a direct measure of K4 for TTR-oligomer bind-
ing. Indeed, this is difficult to assay since neither the oligomer size nor
the oligomer molar concentration is readily known. Li ez al. reported
an ICsq of 140 nM for adsorption of TTR, and 80 nM for adsorption
of mTTR, to immobilized oligomeric A (Li et al., 2013). If this ICs is
used to estimate Ky, then AB oligomer binding to TTR is roughly 150-
to 300-fold higher affinity than Ap monomer binding to TTR. In order
to proceed with this analysis, we rather arbitrarily assumed that A is
fully associated into hexameric oligomers (28 pM Af monomers = 4.6
M oligomers), with K4 =140 nM, and we assumed that TTR tetra-
mers bind only AB oligomers. With 3.6 pM TTR, ~70% of the oligo-
mers would be bound to WT, or ~66 % bound to N98A tetramers. It is
easy to imagine that this level of sequestration would lead to signifi-
cant inhibition of AB aggregation, thus supporting the hypothesis
that TTR must interact with AB oligomers to inhibit its aggregation.
But this model does not explain why N98A is more effective than
WT. If on the other hand only TTR monomers bind AB oligomers,
and we estimate Kg ~80 nM, then the WT would bind ~2% of the
AP oligomers and N98A would bind ~20%. This result explains
why N98A would be more effective than WT. (If only a fraction of
the AB is associated into oligomers and the rest remains as monomers,
or if the oligomers were larger, then a higher fraction of the AB oligo-
mers could be sequestered by WT, and an even higher fraction by
NO98A).

These analyses lead us to conclude that the most likely mechanism
of inhibition of AP aggregation involves sequestration of Ap oligo-
mers, by destabilized TTR tetramers and/or by TTR monomers.
Complete dissociation of TTR into monomers may not be required
for strong binding to AP oligomers. For both N98A and C-TTR,
there is reduced ANS binding, and a decrease in tetramer resistance
to dissociation at low pH or high temperature, or in urea. These
data are indicative of a change in the structure or packing of the tetra-
mer (specifically a less compact hydrophobic cavity) that could allow
access of relatively large A oligomers to the inner binding pocket. The
inner hydrophobic pocket of the tetramer forms a B-cylinder that is
~0.8 nm in diameter and 5 nm in length (Blake et al., 1978), for a vol-
ume of ~2.5 nm?>. The entrance of the ‘cylinder’ can be seen in Fig. 1C.
We calculated, using a density of 1.4 g/cm®, that an Ap monomer

occupies ~5 nm> and an AB hexamer ~30 nm?. Thus, full accommo-
dation of an A monomer or oligomer in the inner pocket of the native
WT TTR tetramer is problematic. Subunits in TTR undergo exchange,
wherein monomers dissociate and then recombine into different tetra-
mers, and the rate of subunit exchange is much faster for less stable
mutants (Keetch et al., 2005; Wiseman et al., 2005). AB oligomer ac-
cess to the interior site could be achieved during this exchange. We
showed previously that AP partially competes with re-assembly of
WT TTR monomers into tetramers (Du and Murphy, 2010).
Incorporation of A oligomers into TTR during exchange should be
more efficient for N98A or C-TTR, with their faster dissociation ki-
netics, than for WT. In any case, our data support the hypothesis
that TTR inhibition of AB aggregation is mediated by the interaction
of aggregation-prone A oligomers with the interior core of TTR.

Additional mechanisms may be in play. We have previously pro-
posed that AB binding to TTR tetramers at the exterior EF helix
destabilizes TTR quaternary structure (Yang ef al., 2013), leading
to either dissociation and/or greater access to the interior hydropho-
bic pocket. Data presented here (Supplementary Fig. S10) repeat this
observation with WT and show that N98A and C-TTR also undergo
further destabilization upon AP binding. This mechanism provides a
means by which the effective TTR monomer concentration is in-
creased in the presence of AB. Finally, we note that binding of AB
to TTR was assayed using immobilized TTR. Inhibition of Ap aggre-
gation, on the other hand, was measured in solution. Immobilization
typically stabilizes proteins, which could explain how N98A and
C-TTR could bind similar quantities of A as WT, but inhibit
aggregation more effectively.

Why does the N98A mutation destabilize the tetramer? A prelimin-
ary molecular dynamic simulation of the dimer did not reveal any signs
of perturbation of the folded structure due to the N98A mutation
(not shown). To gain insight, we applied an alanine mutagenesis bio-
informatics algorithm to TTR, which predicts ‘hot spots” where muta-
tions to alanine would significantly disrupt protein—protein interaction
(Zhu and Mitchell, 2011). A strong hot spot was identified involving
residues 92-95 in strand F; mutations in this hot spot are predicted to
significantly disrupt the extensive hydrogen bonding between two
monomers. N98 is at the transition from strand F to the FG loop.
Since asparagine is a weak beta-breaker but alanine is a weak beta-
former, it is possible that the N98 A mutation extends strand F, distorts
the FG loop and strains monomer-monomer interactions. Interestingly,
$100 is only two residues C-terminal to N98 in the same FG loop, but
mutation here had no net effect on TTR stability or inhibition of A
aggregation.

Cys10 is on the flexible N-terminus, with the side chain oriented
toward H56 and G57 on the DE loop. S-sulfonation is believed to sta-
bilize TTR via hydrogen bond interactions of the sulfite oxygens with
HS56 and G57, while S-cysteinylation decreases stability relative to WT
because the bulky Cys group causes steric interference (Gales et al.,
2007).

It is interesting to note that the modifications that make TTR less
effective at one of its natural functions (thyroxine binding, as mea-
sured by ANS fluorescence), and slightly more amyloid-prone (as mea-
sured by acid-induced aggregation), are also the changes that make it
more effective at inhibiting AB aggregation. Whether via oxidation,
ligand binding (White and Kelly, 2001), or mutation, several natural
avenues can subtly modify TTR tetramer stability, without wholesale
disruption of protein structure. Our results suggest that these modest
changes could significantly enhance or inhibit TTR’s ability to slow
AP aggregation and, presumably, to inhibit AB toxicity. The outcome
is a delicate balance between small losses in TTR stability that might
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be advantageous for clearing AB, without hindering TTR’s normal
function as a transport protein or increasing the likelihood of develop-
ing TTR amyloidoses.

Supplementary data

Supplementary data are available at PEDS online.
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