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Cysl114-Linked Dimers of Transthyretin Are Compatible with Amyloid Formdtion
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ABSTRACT. The Tyrl14Cys substitution in the human plasma protein transthyretin leads to a particularly
aggressive form of familial amyloidotic polyneuropathy. In a previous study we demonstrated that ATTR
Tyrl14Cys forms intermolecular disulfide bonds, which partly impair fibril formation and result in a
more amorphous morphology. Apart from the introduced cysteinyl group in position 114, the native
sequence contains one cysteine located at position 10. To deduce the role of intermolecular disulfide
bridging in fibril formation we generated and characterized the TTR Cys10Ala/Tyr114Cys double mutant.
Our results suggest that an intermolecular cysteine bridge at position 114 enhances the exposure of cysteine
10, thereby facilitating additional intermolecular cysteine assemblies. We also purified a disulfide-linked
dimeric form of TTR Cys10Ala/Tyr114Cys, which was recognized by the anti-TTR amyloid-specific
monoclonal antibody MAb (3944). Moreover, this dimeric molecule can form protofibrils indistinguishable
from the fibrils formed under reducing conditions, as judged by atomic force microscopy. Assuming that
both molecules of the dimer are part of the core of the fibril, the assembly is incompatible with a preserved
native or near-native dimeric interphase. Our findings raise the question of whether TTR-amyloid
architecture is indeed the result of one highly stringent assembly of structures or if different fibrils may
be built from different underlying structures.

Transthyretin (TTR)is a 55 kDa homotetrameric protein Amyloid formation and deposition are complex processes
mainly expressed in the liver and choroid plexus of the brain. yet to be fully understood. Evidence from numerous in vitro
It is secreted into plasma and cerebrospinal fluid, where it studies shows that amyloid formation is a multistep process
functions as a transport protein for the thyroid hormones involving amyloidogenic intermediates (for reviews see refs
thyroxine (T4) and triiodothyronine (T3). TTR also transports 7—12). For TTR, most studies suggest that its misassembly
holo-retinol binding protein (holo-RBP) in plasma, thereby is caused through tetramer dissociation followed by partial
preventing it from renal excretion. TTR is implicated in three  monomer denaturatiorl8—17). Other studies suggest that
amyloid disorders. Familial amyloidotic polyneuropathy transthyretin amyloid fibrils seem to assemble from oligo-
(FAP) is an autosomal dominant disorder caused by one ofmeric protein building blocks rather than restructured
over 80 known single-point mutations in TTR. The ac- monomers 18—23). To prevent fibril formation, kinetic
cumulation of amyloid in FAP is usually associated with stabilization of the native tetrameric conformation of TTR
peripheral neuropathy, resulting in disrupted motor, sensory, by high-affinity binding of small ligands has proved to be
and autonomic functions (for reviews see refs3). Variant the most successful approac¥{26).

TTR proteins are also involved in the hereditary familial
amyloidotic cardiopathy (FAC)4), while the wild-type
protein is implicated in the late-onset senile systemic
amyloidosis (SSA)4§, 6).

Various post-translational modifications of Cys10, the sole
cysteine residue in the wild-type TTR (WtTTR) monomers,
have been observed in ex vivo TTR protein variaritg, (
28). In particular, cysteinylation occurs at increased levels
in TTR purified from FAP patients20, 30). Disulfide-bond
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propensity of the sulfur atom to form other bon@&§)( In
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centrifugation at 370afor 35 min at 4°C. The supernatant

support, recent data from studies in vitro showed that was loaded onto a Q-sepharose Fast Flow anion-exchange
disulfide modifications of residue Cysl0 decreased the column and eluted with a linear NaCl gradient (01.0 M

stability and increased the amyloidogenicity of TTR variants
(39).
The TTR variant Tyrl14Cys was first described in a

NacCl) in 20 mM Tris-HCI, pH 7.5. Fractions confirmed by
SDS-PAGE to contain TTR were pooled and dialyzed
overnight against buffer A and then loaded onto a MonoQ

Japanese population with a particularly severe form of FAP 10/100 HR anion-exchange column equilibrated with the

(37, 38), and was later identified in Dutch patien89). The
carriers of this mutation show initial symptoms in their

same buffer. Proteins were eluted with a linear NaCl gradient
(0.1-1.0 M) employing 20 mM Tris-HCI pH 7.5. Fractions

thirties with a life expectancy of about 10 years after onset estimated to contair~80% pure TTR were pooled and

of the disease. The ATTR Tyr114Cys variant can be purified

concentrated to 5.0 mg/mL using a Centriprep YM-10 and

as a native tetramer, as determined by size-exclusionthen loaded onto a HiLoad 16/60 Superdex 75 PG gel

chromatography40). However, the protein readily forms
fibrils and the reaction is significantly enhanced at higher
temperatures. Under nonreducing conditions, fibril formation
is partly impaired by formation of intermolecular disulfide
bonds resulting in a more amorphous precipit&i®.(The
crystal structure of ATTR Tyrl14Cys4(Q) shows few
structural differences compared to the wild-type protein;
however,3-mercaptoethanol (BME) is associated with the

filtration column equilibrated in buffer B (20 mM Tris-HCI
pH 7.2, and 100 mM NacCl). Protein purity was assessed by
SDS-PAGE, and TTR fractions of an estimated purity of
>95% were pooled, frozen in liquid nitrogen, and stored at
—80°C.

Aggregation and Fibril Formation of TTR Variantdeat-
induced aggregation of wild-type TTR and the amyloidogenic
mutants ATTR Val30Met, ATTR Tyrl114Cys, and TTR

substituted residue Cys114 indicating a tendency of this Cys10Ala/Tyr114Cys was assessed by native PAGE and

residue to form disulfide bonds. Cys10 is found in a more
buried position than in the wild-type structure; it seems to
be hindered sterically from forming disulfide bonds. Taken

SDS-PAGE using Homogeneous 20 Phast gels. The proteins
were diluted to 0.5 mg/mL in buffer B and incubated at 37
°C or 55 °C for 96 h under nonreducing or reducing

all together, these results show that disulfide-bond formation conditions. The reducing condition included 144 mM BME.

is heavily involved in the formation and morphology of
ATTR Tyrl14Cys aggregated(@).

Before the SDSPAGE analysis, protein samples were
boiled for 10 min in loading buffer containing 2.5% SDS

The aim of the present study was to further investigate prior to application on the gel. For the reduced samples, the

the role of Cys10 in TTR amyloid formation, and in
particular its involvement in the aggregation of ATTR

loading buffer included 0.7 M BME.
For protofibril visualization we used atomic force micro-

Tyr114Cys, by characterizing the double substitution mutant SCOPY (AFM) using the protocol described by Eneqvist et

TTR Cys10Ala/Tyr114Cys. In the course of the investigation
we were able to isolate a disulfide-linked dimeric form of
TTR Cys10Ala/Tyr114Cys. This dimeric variant could be
heat-induced to form protofibrils morphologically similar to

those formed by the ATTR Tyr114Cys variant. Interestingly,
we also found that the disulfide-linked dimeric form was
recognized by the TTR-amyloid specific monoclonal anti-
body MAb (39-44). The data suggest that while a cysteine
residue at position 10 is not necessary for protofibril
formation of ATTR Tyrl14Cys in vitro, its presence

al. (40), but with the scan rate ranging from 0.75 to 1.5 Hz.
Crystallization, Data Collection, Structure Determination,
and RefinemenDiffraction quality crystals of TTR Cys10Ala/
Tyrl14Cys were grown in 5 days at room temperature to
0.1 x 0.1 x 0.3 mn?# by the hanging-drop, vapor-diffusion
method. The crystals belong to space gr&2p2,2 isomor-
phous to the wild-type proteird(, 42) and the Tyr114Cys
mutant @0). The total drop volume was 14L, containing
a 4:1 (v/v) mixture of the reservoir; 360% polyethylene
glycol 550 mono methyl ether, 100 mM sodium citrate, pH

nonetheless enhances the propensity of the mutant to forme-0, 100 MM ammonium sulfate, 14.4 mM BME, and protein

Cysl114-linked disulfide bonds.

MATERIAL AND METHODS

Cloning, Expression, and Purification of Recombinant

solution; 3.0 mg/mL protein in 50 mM Tris-HCI, pH 7.5.
We did not obtain crystals without BME.

Diffraction data were collected at 100 K from a single
crystal supported in a cryo loopdd) using synchrotron
radiation at the wavelength 0.934 A on a 160 mm MAR-

Proteins.The TTR Cys10Ala/Tyr114Cys double mutantwas research CCD detector at ESRF, Grenoble, France. Data
generated using PCR site-directed mutagenesis as describegrocessing and structure determination were done as de-
previously @0). CompetentEscherichia coliBL21 (DE3) scribed previously40). Refinement was done using conju-
cells were transformed and plated onto LB agar plates gate gradient minimization and simulated annealing, as
containing 50 ug/mL carbenicillin. The colonies were implemented in CNS, alternated with manual rebuilding of
harvested and grown at 3T in LB medium containing 100 the model using the program Q4. The structure was
ug/mL carbenicillin. When the Ofonmreached 0.8, the cells  further refined with the program REFMAC, part of the CCP4
were induced with 0.2 mM isopropyl thiogalactopyranoside program package46) using the maximum likelihood re-
(IPTG) for 3 h and subsequently harvested by centrifugation. sidual, anisotropic scaling, bulk-solvent correction, and
Following resuspension in buffer A (20 mM Tris-HCI pH  atomic displacement parameter refinemet) ( Details of
7.5, and 100 mM NacCl), the cells were frozen in liquid the data collection, quality of data, and refinement statistics
nitrogen and stored at80 °C. are shown in Table 1.

The wtTTR and TTR variants were purified using the same  Purification and Analysis of the Disulfide-Linked TTR
protocol. The cells were thawed at room temperature and Cys10Ala/Tyr114Cyd TR Cys10Ala/Tyr114Cys protein (4
lysed by sonication. Insoluble debris was pelleted by mg/mL) was incubated at 58 for 96 h. The aggregated
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Table 1: Data Collection, Refinement, and Structural Statistics

(A) Data Collection

P2,2,2

43.15, 85.24, 64.80
26-1.7 (1.76-1.70)

space group
cell dimensions, b, ¢ ()
resolution (A)

no. of observations 212406

no. of unique reflections 26695 (2479)

completeness (%) 98.1(93.0)

lo(l) 24.5 (4.7)

Rmergd (%) 3.4 (22.2)

(B) Refinement
resolution range used in refinement (A) 1987
no. of reflections in the working set 23858
no. of reflections in the test set 2665
R-factof for the working set (%) 20.4
e for the test set (%) 23.7
no. of residues included in the model 4025 (A),
10-124 (B)

no. of water molecules 216
occupancy of BME, linked to Cys114 0.80/0.40

(A/B monomers)
oxidized form in channel (A/B monomers) 0.30/0.40
mean temperature factor {A 19.7
Ramachandran plot (most favored, additional 90.0/9.5/0.5
allowed, generously allowed) (%)
rms deviations

for bond lengths (A) 0.008
for bond angles (deg) 1.27
for torsion angles in period 1 (deg) 3.87
for torsion angles in period 3 (deg) 15.3
(C) Structure
rms deviations
compared to wild-type TTR A/RA) 0.431/0.266
for monomer A vs monomer8A) 0.653
dimer—dimer interface area @ 2460

2Values in parentheses are for the highest resolution $hi@Herge
= Ynyillin — Y nYidhOwhere Ox0is the mean intensity of the
observations of reflectiom. ¢ R-factor = S ||Fond — |Fcaid|/3 |Fobd,
where|Fond and|Fcad are the observed and calculated structure factor
amplitudes, respectively. Summation includes all reflections used in
the refinement? Ryee = 3 ||Fond — |Feadl/S |Fond, €valuated for a
randomly chosen subset of 10% of the diffraction data not incuded in
the refinement® Root-mean-square deviation from ideal valuéghe
main chain atoms of residues Cysi8sn98 and Arg104 Thr123 were
used in the calculations.

protein was solubilized in Tris-buffered urea (6 M urea, 20
mM Tris-HCI, pH 7.2) for 18 h at 4°C, followed by
centrifugation at 208a9for 50 min. The supernatant was
loaded on a HiPrep 16/60 Sephacryl S-100 HR gel filtration
column equilibrated in the solubilization buffer. Fractions
containing TTR Cys10Ala/Tyr114Cys dimers, as confirmed
by nonreducing and reducing SBBAGE, were pooled and
refolded by dialysis again$ L of buffer B for 18 h at °C.
The refolded protein was further purified on a HiLoad 16/
60 Superdex 75 PG gel filtration column equilibrated in
buffer B. The dimer-containing fractions were pooled, frozen
in liquid nitrogen, and stored at80 °C.

Fibrils of purified TTR Cys10Ala/Tyr114Cys dimers were
obtained by heat incubation at 3& for 96 h. The initial
dimer concentration was 0.5 mg/mL in buffer B. AFM
studies were performed as describéd) (with the scan rate
ranging from 0.75 to 1.9 Hz. The dimeric form of the mutant
was maintained in the protofibrils as confirmed by SBS
PAGE analyses at reducing and nonreducing conditions.

Immunoprecipitation and Western Blot Analyses of TTR
Variants.Freshly thawed preparations of W{TTR as well as
the TTR variants Val30Met, Tyr114Cys, and Cys10Ala/
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Tyrl14Cys, and the purified dimeric form of the Cys10Ala/
Tyrl14Cys protein after heat-incubation, were immunopre-
cipitated using an anti-TTR amyloid monoclonal antibody
(47). Fifty microliters of protein G sepharose (Amersham
Biosciences) was added along with 20 of MADb (39—44)

for 15 min at room temperature. The protein-G antibody
complex was washed several times, through repeated cen-
trifugation with 50 mM Tris-HCI, pH 7.5 and 0.05% (v/v)
Tween-20, the final wash including the Tris buffer only.
Twenty micrograms of each TTR-variant was subsequently
added to the antibody and incubated for 15 min at room
temperature. The samples were washed as described above,
and resuspended in phosphate-buffered saline (PBS), pH 7.4.
After a short spin, the pellets were dissolved in 1Q00f
SDS-PAGE loading buffer (without BME), separated by
nonreducing SDSPAGE, using Phast Homogeneous 20
gels, and transferred to nitrocellulose membranes (Hybond-P
pure, Amersham), and the membrane was blocked with 5%
skimmed milk. Immunodetection was performed with poly-
clonal rabbit anti-TTR antibodies and horseradish peroxidase
conjugated anti-rabbit immunoglobulins (Amersham). Detec-
tion was performed with enhanced chemiluminiscence (ECL,
Pierce).

RESULTS

Analysis of Disulfide-Bond Formation in TTR Cys10Ala/
Tyrl14Cys.We analyzed and compared WtTTR, ATTR
Val30Met, ATTR Tyr114Cys, and TTR Cys10Ala/Tyr114Cys
to study the effects of disulfide-bond formation on aggrega-
tion in vitro. We employed a strategy where the proteins
were incubated for 96 h at medium (32) or high (55°C)
temperatures in the presence and absence of the reducing
agent BME, followed by analysis on native PAGE and SDS
PAGE under reducing and nonreducing conditions (Figure
1A—D). Both wtTTR and ATTR Val30Met were virtually
unaffected by high-temperature incubation. Both proteins
migrated as tetramers in the nonreducing and reducing native
PAGE (Figure 1A and Figure 1C, respectively). In the
nonreducing SDSPAGE (Figure 1B), they migrated as
monomers with a small fraction of the proteins forming
dimers. The ATTR Tyrl14Cys variant on the other hand
migrated in four discrete bands in the nonreducing PAGE
experiment (Figure 1A, lane 3a). These bands correspond
to the native tetrameric form of the protein as well as to
three other forms. Interestingly, the migration pattern of the
Cys10Ala/Tyr114Cys double mutant also showed the pres-
ence of the same four bands after incubation &G {Figure
1A, lane 2b). When high concentrations of BME were added
to Cys10Ala/Tyrl14Cys and Tyrl14Cys, they migrated as
tetramers, verifying that the oligomeric structures observed
are formed by SS bonds (Figure 1C). These bands are most
likely composed of multimers of Cys1i4Cys114 linked
dimers; i.e., dimers, native or non-native tetramers, small
amounts of hexamers, and octamers. For the double mutant,
which has only one cysteine residue, the formation of higher
multimers must involve dimerdimer interactions not based
on S-S bonds. After incubation at medium temperature (37
°C), the migration pattern of Tyrl114Cys shifts to display
four major bands on a native gel (Figure 1A, lane 3b). This
implies that Cys10 is also involved in disulfide-bond
formation. Interestingly, the protein no longer seems to form
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FIGURE 1 AnaIyS|s of TTR by PAGE: (A) nonreducing native
PAGE, (B) nonreducing SDSPAGE, (C) reducing native PAGE,
and (D) reducing SDSPAGE. The lanes contain samples of the
four TTR variants: (1) ATTR Val30Met, (2) TTR Cys10Ala/
Tyrl14Cys, (3) ATTR Tyrl14Cys, and (4) wtTTR. The lanes of

each group represent the original protein preparations (freshly

thawed) (a) and samples incubated for 96 h at@7b) and 55°C

(c), respectively. The migration pattern of nonincubated ATTR
Tyr114Cys in nonreducing SDSAGE shows that it migrates as
monomers and dimers, whereas incubation atG7and 55°C
results in migration patterns displaying a ladder of bands, with
molecular weights ranging from below tetramer size to large
aggregates (Figure 1B, lane-3@). As expected, ATTR Tyr114Cys
incubated at 58C migrated mostly as monomers in reducing SDS
PAGE (D, lane 3).

the regular tetrameric conformation at this point. After
induction at the highest temperature, 85 the Tyr114Cys
and Cys10Ala/Tyr114Cys proteins are almost exclusively in

Karlsson et al.

(55 °C) showed the presence of protofibrils under both
reducing (Figure 2A) and nonreducing conditions (Figure
2B). The purified sample of the disulfide-linked dimeric form
of Cys10Ala/Tyr114Cys also formed protofibrils following
incubation at 55°C (Figure 2C). These fibrillar structures
were morphologically similar to those formed in heat-
incubated reduced Cys10Ala/Tyr114Cys and Tyrl14Cys
(40), and heat-incubated nonreduced Cys10Ala/Tyr114Cys.
Immunoprecipitation and Western blot hybridization using
an anti-TTR amyloid-specific monoclonal antibody showed
that the fibrils are composed of TTR intermediates maintain-
ing the amyloidogenic fold (Figure 3). SB®AGE analyses

12345
-
= "W Dimer
- Monomer

Ficure 3: Immunoprecipitation and Western blot of TTR. TTR
variants were precipitated using the TTR amyloid-specific mono-
clonal antibody MAb (39-44). Western blot of the precipitated
protein indicated that ATTR Val30Met (lane 1) and wtTTR (lane
2), both incubated at 55C for 96 h, do not display the amyloid-
characteristic epitope to any significant extent. This is in agreement
with previous results47). The tetrameric form of TTR Cys10Ala/
Tyr114Cys (lane 3) did not react significantly with the MAb (39
44) antibody at room temperature, while the purified, disulfide-
linked dimeric form reacted strongly with the antibody both before
(lane 4) and after (lane 5) incubation at 36 for 96 h under

a highly aggregated form, which barely enters the gel (lanes nonreducing conditions.
2c and 3c). These high-molecular aggregates cannot be

reduced with BME, which indicates that it is other interac-

under nonreducing and reducing conditions confirmed that

tions together with the disulfide bonds that cause thesethe protofibrils formed by the purified Cys10Ala/Tyr114Cys
aggregates. The migration patterns of both proteins in dimers comprised disulfide-linked species (Figure 4).

nonreducing SDSPAGE (Figure 1B, lanes 2b and 3a)

The X-ray Crystallographic Structure of TTR Cys10Ala/

verified that at least the initial aggregates were composed Tyr114Cys. The atomic structure of TTR Cysl10Ala/

of dimers of disulfide-linked Cys114 residues. Disulfide-
linked dimer formation of Tyr114Cys was however initiated

Tyrl14Cys crystallized in the presence of BME was refined
to 1.7 A resolution. The structure is highly similar to wtTTR.

at lower temperatures. As expected, all TTR variants, which Excluding the N- and C-terminal residues from superposition,

had been incubated at 5%, migrated as monomers in
reducing SDSPAGE (Figure 1D).

Atomic force microscopy (AFM) analysis of TTR
Cys10Ala/Tyr114Cys after incubation at high temperature

A

[

root-mean-square (rms) deviations are 0.43 A comparing the
A monomers only, and 0.27 A comparing the B monomers.

These values are equivalent to structures of other TTR
variants exhibiting the native fold@). Residues situated in

15.0 nm
7.5 nm

0.0 nM

Ficure 2: Fibrillization studies of recombinant TTR Cys10Ala/Tyr114Cys material in vitro. Equal amounts of protein were incubated with
or without BME at 55°C for 96 h to induce fibrillization. Visualization by atomic force microscopy (AFM) of (A) reduced and (B)
nonreduced material. (C) Protofibrils formed by a purified disulfide-bonded dimeric form of TTR Cys10Ala/Tyr114Cys, which has been
incubated at 55C for 96 h under nonreducing conditions.
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Ficure 4: Characterization of a disulfide-bonded dimeric form of
TTR Cys10Ala/Tyr114Cys by reducing and nonreducing SDS
PAGE. After the initial purification, the major part of the protein
migrates as monomers, with a small fraction migrating as dimers
(lane 1, see also Figure 1, lane 2a), indicating that this TTR variant
like WitTTR, is mostly tetrameric. After incubation at 5&, a
dimeric species was purified at € (lane 2, see also Materials
and Methods). As visualized by AFM, heat incubation at°&5
induced fibril formation of the purified dimers (see Figure 2C).
SDS-PAGE analyses of this material without BME (lane 3) and
with BME (lane 4) confirmed the presence of S-linked dimers

in the fibrils. Analysis on a native gel shows that these fibrils are
not dissolved by the addition of BME (lane 5)

A= .- \ (/"

A

TyriCys114 \

v

Ficure5: Structural alignment of WITTR in black (PDB entry 1F41
(42)), ATTR Tyrl14Cys in blue (PDB entry 111K40)), and TTR
Cys10Ala/Tyr114Cys in yellow. (A) Alal0 in monomer A. (B)
Cys114 in monomer A.

the direct vicinity of Alal0 are virtually unaffected by the
removal of the sulfur atom. If anything, a small shift of the
position of residues Leu55Phe64 can be observed. This
shift of 0.5-0.6 A positions the main chain of the latter
residues away frorg-strand A (Figure 5A).

The Tyr to Cys substitution at residue 114 is well defined
in the electron density map. Similar to what we observed in
the ATTR Tyrl14Cys structuret(), Cys114 in the double
mutant forms a disulfide bond to a BME molecule, to occupy

roughly the same space as the tyrosine residue in the wild-

Biochemistry, Vol. 44, No. 39, 2009.3067

type structure (Figure 5B). The occupancy of the BME
molecules in the A and B monomers is 0.80 and 0.40,
respectively.

Similarly to the ATTR Tyr114Cys protein, TTR Cys10Ala/
Tyrl14Cys binds two pairs of disulfide-linked BME mol-
ecules at its hormone-binding channel, one in each hormone-
binding site. These oxidized BME molecules replace water
molecules W28, W33, W35, and W36, observed in wiTTR
(PDB 1F41 42)). The occupancy of the BME molecules
situated in the hormone-binding channel is rather low; 0.30
and 0.40 for the A and B monomers, respectively. The
hydroxyl groups of the oxidized BME molecules form

"hydrogen bonds to the0and Qy1 atoms of Serl17 and

Thr119, respectively, which probably stabilizes the tetrameric
form of the protein.

DISCUSSION

In a previous study, we observed that aggregates, extracted
from patients with the ATTR Tyr114Cys variant, exhibited
two distinct morphologies: amyloid fibrils and disulfide-
linked amorphous precipitates. Overexpressed and purified
ATTR Tyr114Cys in vitro can form similar deposits by heat
incubation under nonreducing and reducing conditia®. (

To further investigate the role of disulfide bonds in this

process, and in particular the role of Cys10, we introduced
a Cys to Ala substitution into the Tyr114Cys variant. The

TTR Cys10Ala/Tyr114Cys double mutant is thus unable to
form oligomers linked by disulfide bonds of larger size than

dimers.

PAGE migration pattern analyses were performed on heat-
incubated TTR variants. As controls, we used wtTTR and
ATTR Val30Met (Figure 1). The combined results from the
native PAGE and the nonreducing SBBAGE suggested
that identical disulfide-linked dimers are present in both the
ATTR Tyrl14Cys and the TTR Cys10Ala/Tyr114Cys mater-
ial. However, in the latter, they are only induced by heat
incubation. This implies that, in the early process of
aggregation, i.e., when the proteins are largely native in their
respective structures, only Cys114 is involved in disulfide-
bond formation. Further evidence is found in the crystal
structures of both ATTR Tyr114Cy4(@) and TTR Cys10Ala/
Tyrl14Cys (this study) which showed high-affinity binding
of BME molecules to Cys114. After heat induction at 55
°C, Cys10 also starts participating in disulfide-bond forma-
tion, resulting in more extensively cross-linked aggregates
that become too big to enter the native gels. Since these
aggregates cannot be dissolved by BME alone, yet are rich
in disulfide-linked oligomers, their formation probably
involves other interactions of hydrophobic or electrostatic
nature. Atomic force microscopy of Cys10Ala/Tyr114Cys
revealed protofibrils, but unlike the Tyr114Cys variant, these
fibrils can also be formed under nonreducing conditions. This
suggests that the amyloidogenic properties of ATTR
Tyrl14Cys are due to structural alterations conferred through
the substitution at residue 114 rather than events involving
Cys10. Intriguingly, Cys10 seems to play an important role
in promoting S-S bond formation of Cys114 residues, viz.,
for the Cys10Ala/Tyr114Cys mutant, disulfide bonds formed
only after heating at 37C, whereas for the Tyrl114Cys
mutant, they appeared at room temperature. In addition,
Cys10 has been identified as a key residue in the amyloido-
genesis of ATTR Val30Met36).
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Ficure 6: Plausible models for disulfide-bond mediated fibril formation of TTR Cys10Ala/Tyr114Cys. The figure illustrates two models
of aggregation involving moderately denatured disulfide-linked “true” dimers that (i) aggregate through interactions between the Cys114
residues between two dimers or (ii) interact through the edge-strand region. Model iii shows a plausible fibril formed by “wrong” dimers
of Cys10Ala/Tyr114Cys stabilized by intradimeric Cystiys114 interactions, the wrong dimers being characterized by parallel H-strand
H-strand interactiong3-Strand D is shadowed to indicate that it might be absent in the fibrillar struct8rd 9, 21). To improve clarity,

identical S-S-linked dimers in the fibrillar structures are colored in light and dark gray.

The extent of disulfide-bonded oligomers observed in As the monomers or dimers of Tyr114Cys become structur-
aggregated TTR Cys10Ala/Tyr114Cys led us to postulate ally altered or less ordered, the side chain of Cys10 becomes
that a disulfide-linked species might be an intermediate in more available for disulfide-bond formation, which prevents
the in vitro amyloid-formation process. A disulfide-linked fibril formation.
dimeric sample of the Cys10Ala/Tyr114Cys variant was In TTR Cys10Ala/Tyr114Cys, a Cys11£ys114 linked
therefore isolated and found to form protofibrillar structures dimeric form of the protein adopts an amyloidogenic
morphologically similar to those formed in vitro by ATTR  conformation recognized by MAb (3314) and which readily
Tyrl14Cys (Figure 2). Since denaturing PAGE of the assemblies as protofibrils. A previous study has shown that
protofibrils resulted in a dimeric band only, we interpreted immature amyloid fibrils can be formed from a thiol-specific
that to mean that the dimeric species is retained in the cross-linked dimeric form of TTR, suggesting that dimer
protofibrils (Figure 4, lane 3). As for the variants ATTR interactions may be retained upon fiber formatib8) (Based
Tyrl14Cys and TTR Cysl10Ala/Tyrl14Cys, the mature on this study and others, it has been suggested that nativelike
protofibril-like aggregates must be stabilized by interactions dimers form the building blocks of the amyloid§, 20).
other than the intermonomeric disulfide bonds, since the There are several plausible mechanisms by which fibril
fibrils are not dissolved by the addition of BME (Figure 4, formation of the dimeric form of TTR Cys10Ala/Tyr114Cys
lane 5). could occur. Dimers linked through Cyst1@ys114 resi-

Based on the structural and biochemical data, we proposedues can only form “wrong dimers”, i.e., where the H-strands
that disulfide-bond formation in ATTR Tyr114Cys occurs are positioned parallel rather than antiparallel with respect
sequentially. Initially the Cys114 residues form intermono- to each other. However, another possibility is that the
meric or interdimeric disulfide bonds. The partly buried Cysl114-Cys114 linked dimer forms a nativelike dimer by
position of Cys114 in the dimerdimer interface suggests reacting with another dimer (Figure 6). At this point it cannot
that tetramers in the native conformation must be structurally be excluded that these dimedimer complexes can form
modified to sterically allow for Cys114Cys114 interactions.  nativelike tetrameric structures.



Characterization of TTR C10A/Y114C

The intricate process of TTR amyloid formation seems to  19.
be even more complex than previously suspected. Studies

have shown that immature fibrils form from monomeric
structures 48), as well as from Cys1t4Cys114 linked
“wrong” dimers (the current study), Cys8€ys96 linked
nativelike dimers 18), and even truncated versions of the
protein @9). This suggests that TTR-amyloid architecture,
at least in vitro, is not a result of a highly stringent assembly
and that fibrils may be built from different underlying protein
structures.
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