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ABSTRACT: Familial amyloidotic polyneuropathy is a hereditary autosomal-dominant disease in which the
deposited transthyretin fibrils are derived from amyloidogenic mutation. We investigated structure and
stability of a human Serl12lle transthyretin variant and showed that the Serl12lle variant exists as a
dimer having nonnative tertiary structure at physiological pH. In addition, the dimeric Ser112lle assembles
into a spherical aggregate and exerts cytotoxicity in a human neuroblastoma cell line. Our results suggest
the importance of an unstable dimeric structure in forming spherical aggregates that will induce cell death.

Amyloidoses comprise a group of diseases in which some uM) and cerebral spinal fluid (0.640.4 uM). The function
organ functions are destroyed as a result of deposits ofof TTR is to transport a thyroid hormone-thyroxine, T4)
fibrillar protein aggregates in extracellular spaces. Amyloid and retinal, in the latter case through binding to retinol-
fibrils of various proteins generally consist of straight or binding protein 7, 8). TTR is the major component of
curled fibrils 7.5-10 nm wide and up to several micrometers amyloid deposits in human tissue that putatively cause a wide
long. Amyloid fibrils of proteins share many structural range of amyloid diseases, including senile systemic amyl-
characteristics, as discerned from X-ray diffraction pattern oidosis (SSA) and familial amyloidotic polyneuropathy
and electron and atomic force microscopy. Amyloid fibrils (FAP) (9, 10). The wild-type TTR molecules are deposited
are known to possess the crgsstructure, which consists  as amyloid fibrils in SSA, a disorder that affects about 25%
of continuousB-sheets lying parallel to the long axis of the of individuals over 90 years old and sometimes leads to heart
fibril with the constituent3-strands running perpendicular failure in the elderly. FAP is a hereditary autosomal-dominant
to this axis. Moreover, amyloid fibrils bind thioflavin-T and  disease in which the deposition of TTR-derived amyloid in
Congo red with specific spectroscopic characteristics, imply- these patients is strictly associated with point mutations in
ing unified structural propertiesl{-4). This characteristic ~ the coding region of the TTR gene. Currently, more than 80
feature is shared with more than 20 amyloidogenic proteins different single-site mutants of TTR are known, and most
that cause various types of amyloidoses in humans. Inof them are associated with FAP. Most individuals with FAP
addition, numerous proteins without connection to any known suffer from peripheral and autonomic nervous system
disease have been shown to be capable of forming amyloiddysfunction. TTR variants are also associated with familial
fibrils in vitro under appropriate condition$,(6). amyloidotic cardiomyopathy, which leads to cardiac dys-

Transthyretin (TTRYis a homotetrameriG-sheet protein ~ function (11—-13).
with a total molecular mass of 55 kDa and 127 amino acid  The prevailing hypothesis regarding the property of TTR
residues/subunit, and is present in human plasma- (8% mutants to form fibrils is that various amino acid substitutions

in TTR affect the stability of the tetramer and/or monomer
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spherical aggregates under nearly physiological conditions,absorbance of a given concentration of acrylamide at 295
and it induces cell death in a human neuroblastoma cell line.nm and 10-mm path-length.
We prepared 1-anilino-8-naphthalenesulfonate (ANS) so-
MATERIALS AND METHODS lutions (30uM) containing 50 mM phosphate, 100 mM KClI,
Expression and Purification of TTR in E. collhe gn7d 1MmM 5DJA (pH 7'0)' lThe protein cpncebntra(tjlonfevgere
expression plasmid for S112I-TTR was prepared with the f' #M, and the protein solutions were incubated at'®
or 24 h. Fluorescence intensities were recorded with an

plasmid of wild-type TTR as a template by use of the excitation wavelength of 380 nm, and emission spectra were
QuikChange site-directed mutagenesis procedure from Strat- 9 ' b

agene 24). The sequence of the inserted DNA segment was recorded from 400 to 600 nm. The bandwidths for excitation
gen ) 9 . . gme .- and emission were set to 10 and 20 nm, respectively.
verified by DNA sequencing with the DNA sequencing kit : : : .
(Applied Biosystems) with pQE30 sequencing primer Aggregapon Assayrotein solutions at 1.0 mg/mL protein
(Qiagen). The plasmid was transformed into competent M15 concentration (10 mM phosphate, 100 mM KCl, and 1 mM

d . EDTA, pH 7.5) were diluted 1:1 with a buffer containing
cells (Qiagen). Wild-type TTR and S112I-TTR were ex-
pressed and purified as described)( 200 mM buffer solute, 100 mM KCI, and 1 mM EDTA at

Size-Exclusion Ch 24-mL col the desired pH. Citrate buffer was used when the final pH
Size-Exclusion Chromatograph. 24-mL column con- s pejoy 5.4; phosphate buffer was employed at pH levels
taining Sephadex G-75 (Superdex G-75, Amersham Phar-o .0 5 g Al samples were incubated at &7 for 72 h
macia Biotech) conn_ected toa B'OTI_‘Og'C HR Basu: SyStem yithout stirring. Sample solutions were vortexed gently, and
(Bio-Rad Laboratories) was equilibrated with 50 mM turbidity at 330 nm was measured

phﬁsghoate_lt_)#ffelr corr:t.i";_umgg 10? !“'V' KCl S.nd 1| m(l;/l ED;I;]A Inhibition of aggregate formation was investigated by
(Fr)] h)t b?‘f y°p|'1.ze pré) ein t\:vatlsd ;é?fve bm ¢ € diluting a protein solution into citric buffer at pH 4.4. Stock
phosphate bufter solution and Incubate or about solutions of T4 and flufenamic acid (Flu) were prepared by
12 h before it was applied onto the column. All gel-filtration dissolving the T4 and Flu in dimethyl sulfoxide at 5 mM.
analyses were performed at@ with a flow rate of 0.4 mL/ Protein solution at 1.0 mg/mL (10 mM phosphate, 100 mM
min. The following proteins were used as molecular mass '

) . . KCI, and 1 mM EDTA, pH 7.0) containing various concen-
standards: .albumln (698 kDay, ova!bumln (494 kDa). yrations of T4 or Flu was diluted 1:1 with citric acid buffer
chymotrypsinogen A (21.2 kDa), and ribonuclease A (15.8 (200 mM citric acid, 100 mM KCI, and 1 mM EDTA, pH

kDa). o _ 4.4) (17, 27). After the solutions were incubated at 3€
Cross-Linking with GlutaraldehydQuaternary structure 5, 72 h, turbidity at 330 nm was measured.

of wild-type TTR and S112I-TTR was evaluated by glut- TR aggregation was also evaluated by thioflavin-T

araldehyde cross-linking as described previoug, €5). binding as described?( 26). The suspension of insoluble

The lyophilized protein was dissolved in 50 mM phosphate TR (400uL) described above was mixed with 2.57 mL of

buffer containing 100 mM KCl and 1 mM EDTA (pH 7.0) 5 puffer (200 mM Tris, 100 mM KCI, and 1 mM EDTA at

and incubated at 4C for about 12 h before 25% glutaral- 14 g ) together with 3@L of a thioflavin-T stock solution
dehyde solution was added. The samples were boiled for 5(2'0 mM).

min before they were loaded onto a gel for sodium dodecyl * The time course of aggregation was monitored by measur-
sulfate-polyacrylamide gel electrophoresis (SBBAGE). ing turbidity at 330 nm of TTR solutions at pH 7.0.
Circular Dichroism and Fluorescence Measurement. | yophilized TTRs were dissolved in buffer solutions con-
Samples for the equilibrium urea-induced unfolding were tajning 50 mM phosphate, 100 mM KCI, and 1 mM EDTA
obtained as described previousB6). The protein concentra-  (pH 7.0) and filtered. The protein solutions were incubated
tion was 35uM. The buffer solutions contained 50 mM gt 37°C without stirring before measurements.
phosphate, 100 mM KCI, and 1 mM EDTA (pH 7.0). The  Atomic Force MicroscopyWe prepared solutions at 0.5
circular dichroism (CD) spectra were recorded on a Jascomg/mL protein concentration (10 mM phosphate, 200 mM
J-805 spectropolarimeter (Jasco). Quartz cuvettes with 1- andkC|, and 1 mM EDTA, pH 7.0) and filtered. The solutions
10-mm path lengths were used for the far- and near-UV ere incubated at 37C for periods up to 5 weeks. The
experiments, respectively. All CD measurements were jncubated sample was gently mixed, and aliquots were taken
performed at 23C. Spectra were collected with a scan speed gyt at 72 h, 168 h, and 5 weeks. A drop of each solution
of 50 nm/min and with a response time of 1 s. Each spectrumas placed on freshly cleaved mica and left at room
was the average of two scans. temperature. Then the solution was rinsed with ultrapure
Fluorescence measurements were performed on a F-450Qvater to remove loosely bound protein and dried. The atomic
fluorescence spectrometer (Hitachi). Samples were excitedforce microscopic (AFM) images were obtained on a
at 295 nm with a bandwidth of 1 nm to measure the multimode microscope with a Nanoscope llla (Digital
tryptophan fluorescence. Fluorescence emission spectra wergnstruments, Santa Barbara, CA). Tapping-mode AFM was
recorded from 300 to 450 nm with a bandwidth of 20 nm. employed with standard etched-silicon probes. A radius of
In the acrylamide quenching experiments, aliquots of 1 curvature R;) of the AFM tip was less than 10 nm.
M acrylamide stock solution were added to a protein solution  Cell Culture.The human neuroblastoma cell line IMR-32
(35 uM) to achieve the desired acrylamide concentration. (IFO50283; Health Science Research Resources Bank) was
Excitation was set at 295 nm to excite tryptophan, and the cultured at 37°C under a 5% C@atmosphere in Eagle’'s
emission spectrum was recorded in the range of-3MD minimum essential medium containing Earle’s salts, 10%
nm. Fluorescence intensities for the acrylamide quenchingfetal calf serum, and 2 mM-glutamine. Cells were plated
experiments were corrected by multiplying the measured onto culture flasks coated with collagen type | (BD Bio-
intensity by a factor, 2&/(1 — 104), where A is the sciences).
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Toxicity AssaysIMR-32 cells were cultured in 4-well A

culture slides and incubated with wild-type TTR or S112I- REE
TTR for 24 h. The protein solutions were prepared by b
dissolving the lyophilized samples in a phosphate-buffered '
saline (PBS) solution at final protein concentrations of 100
uM. The protein solutions were filtered and preincubated at =

37 °C for 3 days before they were added to the cells. The & 005
protein solution (10@L) was diluted with 0.9 mL of Eagle’s %
minimum essential medium containing Earle’s salts, 10% g o
fetal calf serum, and 2 mi-glutamine (final concentrations £ .
of proteins were 1@M) and added to cells. The slides were _,_% L
washed with a PBS solution and exposed for 30 minto < .,
propidium iodide and Hoechst 33342. Reactions to each dye

were detected with a fluorescent photomicroscope (Provis 0.01
AX80, Olympus).

Toxicity was measured by determining ATP content with 0.00 sseoe
the ViaLight HS kit (Lumitech Ltd., Nottingham, U.K.26). . 5' = 7 s -
The protein solutions at 10&M concentrations were )
preincubated at 37C for 3 days and 10-fold diluted with Elution volume (ml)
the culture medium before the solutions were added to the g
cells. After 24 h of treatment with a protein, cytotoxicity 698 kDa —» -
was assayed by the VialLight assay according to the 49.4 kDa —» ey = tetramer
manufacturer’s instructions. The control value was obtained S e " - dimer
by adding PBS solution to cells. o

I5.8KDa— | o c— — ~<— monomer

RESULTS
1 2 3 4

Quaternary StructureQuaternary structure was monitored Ficure 1: (A) Analytical size-exclusion chromatograms of wild-
by analytical gel-filtration chromatography. Figure 1A shows type TTR and S112I-TTR. Standard positions are indicated as

gel-filtration elution profiles of wild-type TTR and S1121 follows: A, albumin (69.8 kDa); B, ovalbumin (49.4 kDa); C,
: . : o chymotrypsinogen A (21.2 kDa); D, ribonuclease A (15.8 kDa).
variant in solutions at pH 7.0 and°€. The chromatogram (B) SDS-PAGE of wild-type TTR (lanes 1 and 3) and S112I-

of wild-type TTR shows the presence of one peak with an TTR (lanes 2 and 4). The samples were boiled before they were
elution volume of 9.5 mL, corresponding to a molecular mass applied onto the gel. Lanes 3 and 4 represent SBSGE of

of 60 kDa (tetramer). For S112I-TTR, a peak is observed proteins after cross-linking with glutaraldehyde.
with elution volumes around 10.4 mL, and the molecular
mass is estimated to be 30 kDa. Therefore, S112I-TTR hasthe environment of aromatic side chains is changed by
a dimeric structure in neutral pH solution. The dimeric replacing the Ser112 with lle. In the far-UV CD region, the
structure of S112I-TTR was confirmed by cross-linking spectrum of S112I-TTR is similar to that of wild-type TTR,
technique (Figure 1B). indicating that these two proteins have similar levels of
Gelfiltration column separates proteins by their hydro- Sécondary structure at pH 7.0. A broad signal at around 215
dynamic dimensions rather than by molecular masses. It is"M is characteristic gf-sheet structure.
known that 15-20% increase in the hydrodynamic radius  Conformational StabilityWe investigated secondary and
(which is typical for the protein in molten globule state) tertiary structural stabilities by monitoring the urea-induced
results in the 2-fold increase in the apparent molecular weight unfolding at pH 7.0 and 25C. The urea-induced unfolding
measured by a gel-filtration column calibrated by a set of curves of wild-type TTR and the S112I variant are shown
native globular proteins. Therefore, the gel-filtration data in Figure 3. The decrease of the CD ellipticity at 215 nm
alone cannot rule out the possibility that S112I-TTR is a reflects the disruption of secondary structure by urea. The
molten-globule-like monomer whose hydrodynamic radius fluorescence intensity at 330 nmsg) decreased with
could explain a molecular weight corresponding to a dimer. increasing urea concentration, indicating the loss of specific
However, this possibility was excluded on the basis of the side-chain packing interactions of Trp residu28)( There
chemical cross-linking data for S112I-TTR (Figure 1B). are two tryptophan residues in TTR, Trp41 and Trp79 (the
Secondary and Tertiary Structure§o compare the latter is quenched in the folded statd)s). The midpoints
secondary and tertiary structure of wild-type TTR and S112I- (Cn) of the urea-induced unfolding curves were obtained as
TTR, we performed far- and near-UV CD studies at pH 7.0 described previously3Q, 31) and are represented in Table
and 25°C (Figure 2). Two characteristic positive near-UV 1. The urea-induced unfolding curves of wild-type TTR show
CD peaks of the wild-type TTR, one at 283 nm and the other cooperative transition, since disruption of the secondary
at 291 nm, indicate the presence of rigid packing interactions structure is almost coincident with disruption of the tertiary
of aromatic side chains. Apart from the difference in structure (Figure 3A and Table 1). Nevertheless, the unfold-
intensity, the peak at 291 nm is also present in the spectruming transition curve of S112I-TTR shows that secondary
of S112I-TTR. However, the peak at 283 nm is not clearly structure measured by CD ellipticities at 215 nm is disrupted
observed and a broad band is present around-286 nm first, followed by unfolding of the tertiary structure measured
in the spectrum of S112I-TTR. These results suggest thatby Trp fluorescence (Figure 3B and Table 1). These data
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suggest that noncoincident disruption of secondary and
tertiary structure occurs in the unfolding of the S112| variant
(26).

Acrylamide Quenching of Tryptophan Fluoresceroea Ficure 3: Urea-induced equilibrium unfolding curves of (A) wild-
globular protein, the degree to which an amino acid side type TTR and (B) S112I-TTR measured by the CD ellipticities at

P P ; 215 nm (solid symbols) and fluorescence intensitiof (open
chain is exposed to solvent depends on how it is Shleldedsymbols) at pH 7.0 and 2%C. The apparent fractional extent of

from the solvent by the other parts of_ the protein mplecule. unfolding (. Was obtained from the CD, and thgo values were
The degree of exposure of Trp residues in solution was obtained by the following equatiorfuyy = (Aobs — As)/(Az — Ay),
determined by an acrylamide quenching experimdat33). whereA; andA; represent the baselines for the pre- and posttran-
To compare the degree of exposure of Trp residues in wild- Sition zones, respectively, aigysis the observed CD desovalue.
type TTR and S112I-TTR, we measured the Trp fluorescence . — .
intensities in the presence of acrylamide. Figure 4 shows Table 1: Conformational Stabilities of Wild-Type TTR and
the Stera-Volmer plots for wild-type TTR and S112I-TTR S112I-TTR

in the presence of-80.9 M acrylamide. Cn” (M) Cn® (M)
We analyzed the acrylamide quenching data accordingto  wild-type TTR 3.62+0.02 3.71+0.02
S112I-TTR 3.28+ 0.02 3.77£0.01

the modified SteraVolmer equationfFo/F = (1 + Ks\[Q])
exp(V[Q]), whereF, andF denote the fluorescence intensities 2 Cy, values represent the midpoints of urea-induced unfolding curves.
in the absence and presence of acry|amide, respectively; [Q]b Derived from_ the unfolding curves _monitored by CD ellipticities at
is the concentration of quencher; akgy and V are the 215 nm.© De(lved from the unfolding curves monitored by the

. . . : fluorescence intensity at 330 nrixg).
dynamic and static quenching constants, respectivady (

33). Stern—Volmer plots for wild-type TTR and S112I-TTR ) ) )
show similar positive slopes with dynamic quenching greater than those for the native states, showing the existence

constants of 2.24 and 2.26 ¥ respectively. of buried Trp residues in the native states of wild-type TTR

We also determined dynamic quenching constants for wild- and S112I-TTR. Therefore, the acrylamide quenching data
type TTR and S112I-TTR in the presencE®M guani- indicate that the solvent accessibility of the Trp residues is
dinium chloride and obtained quenching constants of 4.04 identical between tetrameric wild-type TTR and dimeric
and 4.19 M?, respectively (Figure 4). These values are S112I variant.
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12 - . - . broader pH aggregation profile than did the wild-type TTR
A i (Figure 5A). We also investigated the aggregation of TTR
10k 5 in the presence of T4 and Flu under acidic conditions (Figure
a 5C). Previous study has shown that T4 and Flu tightly bind
ol /'5 1 to the hydrophobic channels of the TTR tetramer, resulting
/ in a strong inhibition of TTR aggregatio27). Aggregation
= /A of wild-type TTR is almost completely inhibited in the
S °r s ] presence of 16.a2M inhibitor. The extent of the inhibition

decreases as the concentration of inhibitor is decreased.
However, the inhibitory effects of T4 and Flu are not
observed for S112I-TTR (Figure 5C).

Aggregation of TTR was also investigated by monitoring
thioflavin-T fluorescence? 26). Aggregates of TTR enhance
the fluorescence intensity of thioflavin-T, indicating the
presence of amyloid-like structures in these aggregates. S112-
TTR formed more amyloid-like structure than did the wild-
type TTR at pH 4.2 and 4.6 (Figure 5B). Thioflavin-T
fluorescence data also show that T4 and Flu clearly inhibit
the aggregation of wild-type TTR, but these inhibitors do
not inhibit the aggregation of S112I-TTR (Figure 5D).

800 ¢ ‘e . AFM Images of S112| Aggregatesggregations of TTRs
. . under physiological conditions were investigated by turbidity
. . at 330 nm. Figure 6A shows the time course of TTR
600 - ‘e 1 aggregations at 37C and pH 7.0. S112I-TTR formed small
but significant amounts of aggregates after long incubation,
. * while wild-type TTR does not. We used AFM to evaluate
400 1 KN the morphology of S112| aggregates under physiological
00008000600, conditions. After 3 days of incubation, S112I-TTR solutions
¢ 99°°° °°°o4 were completely fibril-free, exclusively comprising small
. 9999 spherical aggregates and large amorphous aggregates (Figure
o 9939 6B). Interestingly, the morphological feature of small spheri-
0 1880002°2°%° - s cal aggregates of S112I-TTR is similar to the morphology
400 450 500 330 600 of AB nonfibrillar aggregates namedsAderived diffusible
Wavelength (nm) ligands or A8 spherical aggregates (amylospheroRi), 5).
FiGURE 4: (A) Stern-Volmer plots of wild-type TTR (open  The AB spherical aggregates with-height of 25 nm
symbols) and S112I-TTR (closed symbols) by acrylamfegand determined by AFM correspond to 4000-kDa particles
F designate the fluorescence intensities in the absence and presenc®5 36). The AFM Z-height measurements gave an average
of acrylamide, respectively. Circles and triangles denote the values; "’ .
of the proteins in the native and the unfolded state, respectively. "€ight of 7.9 nm (range 4-49.8 nm) for the small spherical
(B) Fluorescence spectra of 3 ANS at pH 7.0 and 25C in aggregates of S112I-TTR, with an average width of 34.1 nm
the presence of wild-type TTF®) and S112I-TTR®). The protein (range 28.9-42.5 nm) (Figure 6B). It should be noted that
concentrations were 6/M. Diamonds represent the spectrum of  the measured-height value by AFM tends to underestimate
%?( (‘)liltl\élti(?nN\lsva?/te|Fe)|r-]|glf7HOW22d442§ r(]:m'n the absence of proteins. o actyal molecular height due to physical compression
exerted by the AFM probe3g), whereas shape of the AFM

ANS BindingThe fluorescent hydrophobic molecule ANS chip contributes to an overestimation of lateral feature size.
is generally used as a probe for detecting solvent-exposedWhen the AFM tip with a radius of curvatur&) is used,
hydrophobic residuesg). It has been shown that two ANS  the width V) of the imaged biomolecule is given a37§
molecules associate tightly to the T4-binding sites, located
in the hydrophobic channels of wild-type tetrameric TTR in W~ 4(RmR(‘)l/2
the native state, resulting in strong fluorescence intensgy (

17). The increase in fluorescence intensity and the shifts of whereR,, is the radius of the molecule. From the equation,
the maximum wavelength from 550 to 478 nm are observed an average diameter was estimated to be 14.6 nm, and an
when ANS binds to wild-type TTR. On the contrary, the average volume of the spherical aggregates was 1630 nm
fluorescence spectra of ANS is not affected by adding S112I- No fibrils were observed after the long incubation of the
TTR to the solution, indicating that the structure of the T4- S112I-TTR solution at 37C for 5 weeks (Figure 6C).

binding site is changed by the S112| substitution (Figure 4B). S112I-TTR Is Cytotoxic to IMR-32 Neuroblastoma Cells.
The inability of S112I-TTR to bind to ANS was confirmed We analyzed whether S112I-TTR is cytotoxic to IMR-32
by monitoring the energy transfer from Trp to ANS (data cells. Control cells were not reactive to propidium iodide, a
not shown) 16). marker of cell death (Figure 7A). On the contrary, 24-h

Aggregation of Wild-Type TTR and S112| VariaAg- exposure of these cells to the S112I-TTR solution at pH 7.0
gregation of wild-type TTR and S112I-TTR at 3T as a resulted in reaction to propidium iodide, whereas the wild-
function of pH was monitored by turbidity at 330 nm. The type TTR solution at pH 7.0 had no effect on IMR-32. The
S1121 variant formed more aggregates and exhibited aS112I-TTR and wild-type TTR solutions were preincubated
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turbidity at 330 nm (A) and by thioflavin-T fluorescence (B). (C, D) Aggregations of TTR at pH 4.4 monitored by turbidity at 330 nm (C)
and by thioflavin-T fluorescence (D) in the presence of various concentrations of T4 or Flu. (A, C) Final protein concentratiopdvhre 33

(B, D) final protein concentrations are 4.

at 37 °C for 3 days before they were added to the cells. under Materials and Methods. The suspension of the ag-
Hoechst 33342 stains nuclei of cells blue, and a clear blue gregates formed at pH 4.4 showed no effect on cell viability,
spot indicates condensation of nuclei, which is a late marker indicating that the aggregates formed at pH 4.4 are not toxic
of apoptosis. Cells treated with S112I-TTR show the clear to IMR-32 cells.
blue spot (Figure 7A). These data indicate that the preincu-
bated S112I induces neuronal cell death, likely apoptosis. DISCUSSION
We determined the viability of IMR-32 cells treated with ) ) ) o
wild-type TTR and S112I-TTR, using ATP levels as an Protein aggregates, mclud_mg amyloid f|br|ls,_ have been
indicator of cell viability. The S112I-TTR significantly _the target of increasing attention bec_ause of thelr cent_ral role
reduced neuronal viability, while preincubated wild-type TTR in several human pathologies, including Alzheimer's disease,
had no effect on cell viability (Figure 7B). The AFM imaging Parkinson’s disease, and TTR amyloidoses. To intervene in
revealed that the S1121 variant formed abundant sphericalthese debilitating diseases linked to protein aggregation and
aggregates after the solution was incubated for 3 days at pHdeposm_on, it is e_rssentlal to _understand_the struc_tural changes
7.0 and 37C (Figure 6). Taken together, these data suggest Of Proteins leading to protein aggregation. In this study, we
that the spherical aggregates of the S112I variant participaten@ve shown that the S1121 variant has dimeric structure with
in cell death as a toxin. nonnative side-chain interactions at physiological pH. In
We investigated the toxicity of the aggregates formed in addition, S112I-TTR is an unstable molecule, which easily
a citrate buffer at pH 4.4. The aggregates formed at pH 4.4 @dgregates and has a toxic effect on the neuroblastoma cell
substantially enhance the fluorescence intensity of thioflavin- line-
T, indicating the presence of amyloid-like structures in these  Our data indicate that the tertiary structure of the dimeric
aggregates (Figure 5). The protein solution containing 10 S112I-TTR differs from that of the native tetrameric
uM wild-type TTR or S112I-TTR were incubated at pH 4.4 structure, although the secondary structures of wild-type TTR
and 37°C for 3 days. The aggregates were collected by and S112I-TTR are similar to each other (Figure 2). The
centrifugation and resuspended in PBS solution. After the intensities of positive peaks at 283 and 291 nm are decreased
aggregate suspension was diluted 10-fold with the culture by the S112I mutation, implying that the S112I variant has
medium, IMR-32 cells were exposed to the suspension of a poorly defined tertiary structure. However, the solvent
the aggregates, and cell viability was measured as describedccessibility of Trp is not changed by the S1121 mutation as
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FIGURE 6: (A) Time course of aggregations of wild-type TT)( FIGURE 7: (A) IMR-32 cells treated with preincubated wild-type

and S112I-TTR @) at pH 7.0 and 37°C. Aggregations wWere 7R or 5112|-TTR (top). After the 24-h treatments, cultures were

monitored by turbidity at 330 nm. (B, C) AFM images of S112I-  i-inad with S ; i
) propidium iodide (middle) and Hoechst 33342 (bot
TTR aggregates (10 nm totatrange). AFM images show small {4 *(B) Viability of IMR-32 cells after exposure to wild-type

spherical aggregates and large irregularly shaped amorphousrr or §112|-TTR. IMR-32 cells were plated at 1000 cells/well
aggrt?gatdes. A S°|Ut'°nd cont?mlng 0'5’ hmg/(TL SllZI-Tl;I'R WaS  and incubated for 24 h with wild-type TTR or S112I-TTR at various
incubated at pH 7.0 and 3TC for (B) 72 h and (C) 5 weeks. concentrations indicated. Cell viability was measured by determin-

monitored by the acrylamide quenching experiment (Figure "9 ATP content, with the Vialight assay kit

4). These data indicate that the S112I variant has nonnativeresponsible for disruption of the T4-binding channels, since
tertiary structure at physiological pH. The stability of the the T4-binding channels of TTR are formed by an assembly
secondary and tertiary structure is not largely affected by of the four monomer subunitd {). T4 and Flu stabilize the
the S112] mutation, since th@, values derived from the  quaternary structure and inhibit aggregation of wild-type
far-UV CD and Trp fluorescence are similar between wild- TTR. In the case of S112I-TTR, the T4 and Flu had no effect
type TTR and S112I-TTR (Figure 3 and Table 1). However, on aggregation (Figure 5). These data are consistent with
the cooperativity of the unfolding is changed by the S1121 the ANS fluorescence experiments, showing that the ANS
mutation as judged by the noncoincidence of the unfolding molecule does not bind to S112I-TTR (Figure 4). T4, Flu,
curves by CD and fluorescencgg( 30). and ANS bind to the hydrophobic channels formed by the
The quaternary structure of TTR is substantially destabi- association of the four monomer subunits. Our results
lized by the S1121 mutation. Analytical gel filtration data indicate that a small molecule drug like Flu is not efficacious
show that S112I-TTR has a dimeric structure at pH 7.0 and as a therapeutic in the case of S112I-TTR amyloidosis.
4°C, even though wild-type TTR retains the native tetrameric ~ The destabilization of native quaternary conformation
structure under the same experimental conditions. Therenders the TTR molecule more prone to form spherical
inability of S112I-TTR to assemble into the tetramer is aggregates under physiological conditions (Figure 6). The
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native conformation of wild-type TTR has no tendency to 8.

aggregate under physiological conditions, since the four
monomer subunits bind tightly through the hydrophobic and

electrostatic interactionslg, 16). However, the dimeric 9.

structure of S112I-TTR appears to lose dimdimer inter-
actions, providing an opportunity for intermolecular interac-
tions causing spherical aggregate formation to take place at 1
physiological pH. The dimeric quaternary structure leads to
formation of the spherical aggregates but not to amyloid fibril
formation at physiological pH, since the S112I-TTR solution
is completely fibril-free after prolonged incubation at pH 7.0

and 37°C (Figure 6C). A number of studies have suggested 12.

that a monomeric amyloidogenic intermediate is required for
the amyloid fibril formation of TTR {4—17), but our data
show that the spherical aggregates are formed at physiologi-
cal pH from dimeric molecular species with nonnative
tertiary interactions (Figures 1 and 6).

Recent studies have focused on the importance of oligo-

meric aggregates as major cytotoxic species in various types 15,

of amyloidoses18—22). Moreover, the inherent toxicity of
aggregated proteins not associated with amyloidosis has been
demonstratedd). Interestingly, the small spherical aggregates
of S112I-TTR are similar to A nonfibrillar aggregates
shown in previous studie®Q, 35). In Alzheimer’s disease,
recent in vivo as well as in vitro studies support the toxicity
of nonfibrillar oligomers and their possible causative role in
neuropathology, 18—20). Here, we have shown that the
S1121 variant, probably the spherical aggregate of this
protein, induces cell death in the human neuroblastoma cell
line through an apoptosis-like mechanism (Figures 6 and 7).
Sousa et al.38, 39) have demonstrated that the aggregated
nonfibrillar form of TTR is deposited in an early stage of
FAP before amyloid fibril deposition. The small spherical
aggregates of TTR may be the cytotoxic molecular species
in the early stage of FAP.
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