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Transthyretin (TTR) is a globular tetrameric transport protein in
plasma. Nearly 140 single amino acid substitutions in TTR cause
life-threatening amyloid disease. We report a one-of-a-kind path-
ological variant featuring a Glu51, Ser52 duplication mutation
(Glu51_Ser52dup). The proband, heterozygous for the mutation,
exhibited an unusually aggressive amyloidosis that was refractory to
treatment with the small-molecule drug diflunisal. To understand the
poor treatment response and expand therapeutic options, we ex-
plored the structure and stability of recombinant Glu51_Ser52dup. The
duplication did not alter the protein secondary or tertiary structure but
decreased the stability of the TTR monomer and tetramer. Diflunisal,
which bound with near-micromolar affinity, partially restored tetramer
stability. The duplication had no significant effect on the free energy
and enthalpy of diflunisal binding, and hence on the drug-protein
interactions. However, the duplication induced tryptic digestion of
TTR at near-physiological conditions, releasing a C-terminal fragment
49-129 that formed amyloid fibrils under conditions in which the full-
length protein did not. Such C-terminal fragments, along with the
fulllength TTR, comprise amyloid deposits in vivo. Bioinformatics
and structural analyses suggested that increased disorder in the sur-
face loop, which contains the Glu51_Ser52dup duplication, not only
helped generate amyloid-forming fragments but also decreased struc-
tural protection in the amyloidogenic residue segment 25-34, promot-
ing misfolding of the full-length protein. Our studies of a unique
duplication mutation explain its diflunisal-resistant nature, identify
misfolding pathways for amyloidogenic TTR variants, and provide
therapeutic targets to inhibit amyloid fibril formation by variant TTR.

protein misfolding disease | small-molecule drug binding |
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rotein misfolding diseases, including neurodegenerative
(Alzheimer’s disease and Parkinson’s disease) and systemic
amyloidoses, are a major public health challenge affecting millions of
patients and their caregivers worldwide. More than 30 soluble pro-
teins and peptides are currently known to misfold and deposit as
insoluble amyloid fibrillar aggregates in various organs, causing or-
gan damage and death (1). Such protein misfolding diseases may be
either sporadic, involving deposition of wild-type (WT) proteins of-
ten associated with aging, or hereditary, caused by gene mutations.
A major form of human systemic amyloidosis arises from aggre-
gation and misfolding of transthyretin (TTR), a globular plasma
protein that functions as a minor transporter of thyroxine and retinol
through a ternary complex with holoretinol-binding protein (2, 3).
Normally, TTR circulates in serum as a stable ~55-kDa homotetramer
at concentrations of 18-45 mg/dL (4). However, in transthyretin am-
yloidosis (ATTR), the protein misfolds and forms fibrillar deposits
that infiltrate vital organs, most frequently the heart and nerves,
causing organ dysfunction. Treatment options for systemic amyloid-
oses such as ATTR are limited to several protein-specific drugs, organ
transplantation, and gene silencing agents, fueling the search for new
therapeutic targets. Sporadic ATTR occurs with aging and involves
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deposition of WT protein, while hereditary TTR amyloidosis
(ATTRm) is caused by 7TR mutations. Both diseases feature depo-
sition of the full-length protein and/or C-terminal fragments ranging
from residues 46-127 to 55-127 (5-7). Aggregation-prone fragment
49-127 is the major component of ex vivo amyloid fibers (7).

Of nearly 140 ATTRm mutations reported to date (8) and listed
in the ATTRm database (www.amyloidosismutations.com/mut-attr.
php), all but one result in single amino acid substitutions distributed
across the protein surface, with Vall22del being the lone deletion
mutation (9). These point mutations destabilize the structure of the
otherwise highly thermostable TTR tetramer, promoting the release
of monomeric precursors of amyloid (10-12). Therefore, stabili-
zation of the TTR tetramer is considered an important thera-
peutic target. To this end, small-molecule thyroxin-mimetic drugs
have been developed targeting the hormone-binding site located
across the “weak” dimer—dimer interface in the TTR tetramer (13-
17). One small molecule shown to be effective in clinical testing
is diflunisal, a nonsteroidal antiinflammatory drug repurposed
for ATTR treatment (18). Although diflunisal does not cure
ATTRm, it slows TTR amyloid fibril formation and inhibits disease
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progression. This therapeutic effect stems, in part, from diflunisal
binding across the subunit interface to stabilize the TTR tetramer.

In the current study, we report a GluS1, Ser52 duplication
(Glu51_Ser52dup) in TTR, a one-of-a-kind duplication mutation in
a patient with ATTRm. The mutation led to an unusually ag-
gressive amyloidosis that progressed unabated despite diflunisal
treatment. To understand why diflunisal was ineffective, we
generated a recombinant Glu51_Ser52dup variant and analyzed
its structural, stability, and drug-binding properties. The results
helped reveal the molecular underpinnings for the clinical pre-

sentation of the duplication mutation and propose two parallel
molecular pathways for misfolding in Glu51_Ser52dup and, po-
tentially, other ATTRm variants. Our study highlights the complex
interplay between the global destabilization of a protein assembly
and its local disordering, which influences proteostasis in vivo.

Results

Clinical Presentation and Histological Detection of Amyloid Deposits.
The proband (Fig. 14, II-4), an African-American man, pre-
sented at the age of 37 y with length-dependent sensorimotor
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GGCCCTACGGGCACCGGTGAATCCAAGTGTCCTCTGATGGTCAAAGTTCTAGATGCTGTCCGAGGCAGTCCTGCCATCAATG
GGCCCTACGGGCACCGGTGAATCCAAGTGTCCTCTGATGGTCAAAGTTCTAGATGCTGTCCGAGGCAGTCCTGCCATCAATG
TGGCCGTGCATGTGTTCAGAAAGGCTGCTGATGACACCTGGGAGCCATTTGCCTCTGGGAAAACCAGTGAGTCTG............... G
TGGCCGTGCATGTGTTCAGAAAGGCTGCTGATGACACCTGGGAGCCATTTGCCTCTGGGAAAACCAGTGAGTCTGAGTCTGG
AGAGCTGCATGGGCTCACAACTGAGGAGGAATTTGTAGAAGGGATATACAAAGTGGAAATAGACACCAAATCTTACTGGAA
AGAGCTGCATGGGCTCACAACTGAGGAGGAATTTGTAGAAGGGATATACAAAGTGGAAATAGACACCAAATCTTACTGGAA
GGCACTTGGCATCTCCCCATTCCATGAGCATGCAGAGGTGGTATTCACAGCCAACGACTCCGGCCCCCGCCGCTACACCATTG
GGCACTTGGCATCTCCCCATTCCATGAGCATGCAGAGGTGGTATTCACAGCCAACGACTCCGGCCCCCGCCGCTACACCATTG
CCGCCCTGCTGAGCCCCTACTCCTATTCCACCACGGCTGTCGTCACCAATCCCAAGGAA
CCGCCCTGCTGAGCCCCTACTCCTATTCCACCACGGCTGTCGTCACCAATCCCAAGGAA

Identification of hereditary amyloidosis in proband II-4, which is linked to a TTR variant, Glu51_Ser52dup. (A) Family pedigree. Squares, males; circles,

females; diagonal line, deceased members; black triangle, the proband. (B) Histological analyses. (Left) Congo red-positive amyloid deposits viewed by light
microscopy in fat tissue. (Right) Polarized light view demonstrating apple-green birefringence of Congo red-positive amyloid deposits. (Magnification: Left
and Right, 400x.) (C) Serum isoelectric focusing. Screening of serum from the proband (II-4) showed the presence of both WT and Glu51_Ser52dup variant
proteins. Normal serum (Control) contained only the WT. (D) Genetic analyses. Partial sequence chromatograms of exon 3 of the TTR (Top), the subcloned WT

allele (Middle),

and the subcloned mutant allele (Bottom) are shown. A heterozygous duplication, ¢.212_217dupAGTCTG (red box), resulted in Glu51_-

Ser52dup protein variant. (E) Gene sequence alignment of the WT (wt; black) and mutant (red) TTR. The ¢.212_217dupAGTCTG duplication is underlined.
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polyneuropathy in the lower extremities. At the age of 38 y (visit
1), he developed myopathy in the lower extremities with an ele-
vated creatine kinase of 563 (39-259 U/L); cardiac biomarkers
were normal. An abdominal fat pad aspirate identified amyloid
deposits by Congo red staining (Fig. 1B). Tandem mass spec-
trometry proteomics of a right shin skin biopsy demonstrated
TTR amyloid (SI Appendix, Fig. S1 A and B). The patient de-
clined liver transplant evaluation, opting for diflunisal treatment
(250 mg twice daily). After 9 mo of diflunisal therapy (visit 2), the
patient exhibited progression of sensorimotor polyneuropathy to
his upper extremities, bilateral carpal tunnel syndrome, and au-
tonomic neuropathy. Despite 19 mo of diflunisal treatment (visit
3), polyneuropathy and myopathy progressed, rendering the pa-
tient unable to stand, feed himself, effectively swallow, or control
bowel function. Cardiac biomarkers remained normal. Diflunisal
was discontinued due to the lack of effect. He died at the age of
42 y of recurrent aspiration pneumonia and debilitating periph-
eral and autonomic neuropathy.

The proband’s father (I-7) died at the age of 46 y of amy-
loidosis with symptoms of peripheral neuropathy, heart failure,
and liver and kidney involvement. Two paternal aunts (I-1 and I-
2) and four paternal uncles (I-3, I-4, I-5, and I-6) reportedly had
symptoms and signs of peripheral neuropathy. The proband’s
mother (I-8) was 57 y of age and healthy at the time of visit 1.
The proband’s 40-y-old sister (II-3) had peripheral neuropathy
with negative TTR mutation testing, while an older brother (1I-2),
diagnosed with amyloidosis by sural nerve biopsy, died at the age
of 34 y with symptoms of cardiac involvement and peripheral and
autonomic neuropathy. The proband’s brother had two daughters,
aged 19 and 24 y (III-3 and III-1), and two sons, aged 13 and 22y
(I11-4 and III-2), who were all symptom-free at the time of visit 1.

The proband’s serum TTR level was well below normal at visit 1,
which is characteristic of patients who have ATTRm (19-21). While
diflunisal treatment increased serum TTR levels at visits 2 and 3, the
levels remained below the normal range (SI Appendix, Fig. S1C).

Identification of TTR Protein Glu51_Ser52dup. Screening of serum
from the proband by isoelectric focusing showed two distinct TTR
bands (Fig. 1C). The higher band corresponded to WT TTR,
while the lower, more anodal band corresponded to a more acidic
mutant. Unexpectedly, direct DNA sequencing demonstrated a 6-nt
duplication in exon 3 of the TTR, c.212_217dupAGTCTG (Fig.
1D, Top). Subcloning of genomic DNA showed WT and mutant
alleles (Fig. 1D, Middle and Bottom), confirming the heterozygous
nature of the mutation. This mutation resulted in the 77R duplica-
tion of Glu51, Ser52 in the mature protein, Glu51_Ser52dup. A
duplication mutation has not been reported in the SNP database
(https://www.ncbi.nlm.nih.gov/projects/SNP/) or Exome Aggregation
Consortium (exac.broadinstitute.org). Moreover, no insertion muta-
tions have been reported previously for human ATTRm. Protein
Variation Effect Analyzer (provean.jcvi.org/) predicted the mutation
to be deleterious with a score of —10.2 (a default threshold is —2.5).

The Duplication Mutation Greatly Destabilizes the TTR Structure.
Ultrapure recombinant Glu51_Ser52dup TTR was generated
and used to characterize the structure and stability of the protein
by circular dichroism (CD) and intrinsic Trp fluorescence as
described in Materials and Methods. For comparison, recombi-
nant forms of WT and Leu55Pro, a particularly aggressive and
destabilizing amyloidogenic variant (22), were studied. Far-UV
CD spectra of all proteins showed a similar negative peak at
215 nm, and Glu51_Ser52dup showed a decreased positive peak
at 193 nm (Fig. 24), indicating similar p-sheet-rich secondary
structure in these proteins with increased disorder in the dupli-
cation mutant. Near-UV CD spectra of all proteins showed a
similar double peak (Fig. 2B), which was dominated by
Trp79 buried in the core of the TTR monomer (10, 23, 24),
suggesting a similar tertiary structure.

E6430 | www.pnas.org/cgi/doi/10.1073/pnas.1802977115
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Fig. 2. Effects of the duplication mutation on the TTR secondary and ter-
tiary structure and stability. Recombinant proteins were analyzed by CD and
fluorescence spectroscopy as described in Materials and Methods. WT (black)
and Leu55Pro (blue) were used as controls for Glu51_Ser52dup (red). (A) Far-
UV CD spectra (0.2 mg/mL protein in standard buffer at 25 °C) characterize
protein secondary structure. (B) Near-UV CD spectra (0.2 mg/mL protein in
standard buffer at 25 °C) show a double peak characteristic of Trp79 buried
in the core of the native TTR monomer (2). (C) Melting data recorded by CD
at 215 nm to monitor p-sheet unfolding during heating from 25 to 98 °C at a
rate of 6 °C:h~'. Sample conditions are as in A. The vertical dashed line in-
dicates the apparent melting temperature for Glu51_Ser52dup, Tr, app =
81 °C, determined from the first-derivative maximum in the melting data.
(D) Time course of protein unfolding in a temperature jump to 80 °C. Att =
0, the sample temperature was rapidly increased from 25 to 80 °C, and
changes in the Trp solvent exposure upon protein unfolding were monitored
by CD at 291 nm. Sample conditions are as in B. (E) Equilibrium denaturation
by urea monitored by CD at 220 nm for secondary structure unfolding after
incubation in urea for 96 h. Protein concentrations are 0.2 mg/mL. (F)
Equilibrium denaturation by urea tracked by the ratio of fluorescence in-
tensity at 355 nm and 335 nm, I3ss/l335, to monitor solvent exposure of Trp.
Sample conditions are 0.2 mg/mL protein. deg, degrees; ME, molar ellipticity;
MRE, molar residue ellipticity.

Protein thermal stability was assessed by far- and near-UV CD
in melting experiments and in temperature jumps, respectively
(Fig. 2 C and D). Compared with WT and Leu55Pro, the melting
data of Glu51_Ser52dup, recorded at 215 nm to track the p-sheet
unfolding, shifted to lower temperatures by ~10 °C (Fig. 2C, red)
indicating greatly decreased stability. The temperature-jump
data at 80 °C, recorded at 291 nm to track the Trp79 packing
(23), showed a much faster unfolding of Glu51_Ser52dup, in-
dicating greatly reduced kinetic stability compared with Leu55-
Pro or WT (Fig. 2D, red). Moreover, Glu51_Ser52dup showed
equilibrium unfolding at lower urea concentrations compared
with Leu55Pro or WT, as evidenced by chemical denaturation
after 96 h of incubation in urea, which was monitored by far-UV
CD and Trp fluorescence at 25 °C (Fig. 2 E and F). Therefore,
consistent with thermal denaturation, chemical denaturation
indicated that the duplication mutation decreases the thermo-
dynamic stability of TTR (Fig. 2 C, E, and F), while the
temperature-jump data (Fig. 2D) indicated that the mutation
decreases the kinetic stability (25). Since the rate-limiting step in
TTR unfolding is tetramer dissociation (23, 24, 26, 27), faster
unfolding of Glu51_Ser52dup reflects a lower free-energy barrier
for dissociation of the variant tetramer.

Together, the results in Fig. 2 revealed that the duplication
mutation has a slight disordering effect on the secondary struc-
ture but does not affect the Trp79 packing, and hence the
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tertiary structure of the TTR monomer. However, the duplica-
tion decreases both the thermodynamic stability of the TTR
monomer and the kinetic stability of the tetramer to a much
greater extent than observed even for LeuS55Pro, a particularly
destabilizing ATTRm variant.

The Duplication Mutation Destabilizes TTR Heterotetramers. As
ATTRm is an autosomal dominant disease with translationally
active alleles, heterozygotes express WT and mutant TTR pro-
teins in vivo, which circulate as heterotetramers (28, 29). To
assess the effect of the duplication mutation on the structural
integrity of such heterotetramers, Glu51_Ser52dup and WT were
incubated at mutant/WT molar ratios from 4:0 (Glu51_Ser52dup
alone) to 0:4 (WT alone) following published protocols to allow
for the subunit exchange (30). SDS/PAGE of glutaraldehyde
cross-linked proteins showed that the WT alone was entirely
tetrameric (Fig. 34, right lane), whereas Glu51_Ser52dup alone
contained a large population of monomers and dimers (Fig. 34,
left lane) in addition to tetramers. Decreasing the mutant/WT
ratio shifted the distribution from monomers and dimers to
tetramers, and at a molar ratio of 2:2 or lower, only tetramers
were detected (Fig. 34, left to right).

To determine the effects of the duplication mutation on heter-
otetramer stability, far-UV CD melting data were recorded for the
binary mixtures of the variant and WT proteins, and the results
were compared with Glu51_Ser52dup or WT alone. The variant
protein alone featured a narrow sigmoidal unfolding transition
centered at an apparent melting temperature, Ty, opp = 81 + 1.5 °C,
while WT protein unfolding occurred at much higher temperatures,
was incomplete at 98 °C, and was much less cooperative (Fig. 3B,
solid lines). Melting curves recorded from the mixtures containing
1:3-3:1 (mol/mol) Glu51_Ser52dup/WT (Fig. 3B, dashed lines)
shifted to lower temperatures compared with the WT alone and
partially overlapped the melting curve of the Glu51 Ser52dup
alone. Moreover, increasing the mutant fraction in the mixture led
to a progressive increase in the transition steepness, indicating in-
creased unfolding cooperativity. This finding suggests that the
unfolding of the relatively unstable Glu51_Ser52dup monomer is
tightly coupled to its dissociation from the tetramer, and thus is
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Fig. 3. Duplication mutation destabilizes the TTR tetramer. (A) SDS/PAGE of
heterotetramers prepared at indicated molar ratios of mutant (red) to WT
(black), from 4:0 (Glu51_Ser52dup alone) to 0:4 (WT alone), as shown on the
lanes. The samples containing 0.2 mg/mol total protein were incubated at
4 °C for 48 h to allow for subunit exchange (31) and then cross-linked with
glutaraldehyde. The gels were developed with Gel Code Blue stain reagent.
TTR monomer (TTR;), dimer (TTR,), and tetramer (TTR,) are indicated. (B)
Melting data were recorded by CD at 215 nm to monitor secondary struc-
tural unfolding in heterotetramers. Samples containing 0.2 mg/mL total
protein, which were prepared as described in A, were heated from 25 to
98 °C at a rate of 6 °C-h~". Mutant-to-WT molar ratios are shown by numbers
and color-coded. deg, degrees; MRE, molar residue ellipticity; St, molecular
weight standards.
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Fig. 4. Diflunisal increases thermal stability of the mutant TTR. (A) SDS/
PAGE of proteins (0.2 mg/mL) before (0) or after 24 h of incubation at 80 °C
(10) either without (-) or with (+) diflunisal at 360 M, 25:1 (mol/mol) drug
to TTR monomers. The proteins were cross-linked by glutaraldehyde, and the
gels were developed with Gel Code Blue stain reagent. TTR monomer (TTR;),
dimer (TTR), and tetramer (TTR,) are indicated. (B) Kinetics of protein
unfolding during incubation at 80 °C in the absence or in the presence
of diflunisal at 5:1 (mol/mol) drug to TTR monomers monitored by CD
at 291 nm for Trp solvent exposure. The data for two ATTR mutants,
Glu51_Ser52dup and Leu55Pro, are shown; WT remains fully folded under
these conditions. deg, degrees; difl, diflunisal; ME, molar ellipticity.

highly cooperative. In contrast, WT monomer is relatively stable
(24) and unfolds as one subunit with lower cooperativity. The
melting data were nonadditive; instead of two distinct transitions
representing WT (a broad transition centered above 90 °C) and
variant (a sharp transition centered at 81 °C) homotetramers, the
mixtures showed a single transition with intermediate width rep-
resenting heterotetramers. Together, these findings demonstrate
that even one GluS1_Ser52dup subunit is sufficient to destabilize
a heterotetramer. Since the range of the mutant/WT ratios used
in our experiments encompasses that found in circulation, the
results predict that TTR heterotetramers are destabilized by the
Glu51_Ser52dup mutation in vivo.

Diflunisal Stabilizes the Mutant Tetramer. To understand why
diflunisal was ineffective for the proband, we investigated the
effects of the drug on the thermal stability of the duplication
mutant. Glu51_Ser52dup, WT, and Leu55Pro proteins were in-
cubated at 80 °C for 24 h alone or with diflunisal at the drug/TTR
monomer ratio of 25:1 (mol/mol). The studied drug concentration
(360 uM) was based on a maximal therapeutic serum level of
~400 pM measured in patients who received 250 mg of diflunisal
twice daily (32, 33), although the bioavailable levels of the drug
are probably significantly lower due to albumin binding. The
protein concentration of 14.4 uM mimicked that in the patient’s
serum (SI Appendix, Fig. S1C). Hence, the drug/TTR molar ratio
of 25:1 is representative of the maximal therapeutic levels of
diflunisal. Proteins were cross-linked either before or after in-
cubation (Fig. 44, 0 or 24 h).

Glu51_Ser52dup alone migrated as monomers, dimers, and
tetramers under ambient conditions (Fig. 44); preincubation
with diflunisal shifted the equilibrium from the monomer and
dimer to the tetramer (Fig. 44, 0 h). After 24 h at 80 °C,
Glu51_Ser52dup alone showed tetramer dissociation and for-
mation of high-molecular-weight aggregates; diflunisal blocked
this aggregation and stabilized the tetramers (Fig. 44, Left).
Compared with Glu51_Ser52dup, a clinically aggressive muta-
tion (Leu55Pro) showed a much lower initial population of
monomers and dimers; again, diflunisal shifted the distribution
toward tetramers (Fig. 44, Middle). WT migrated almost entirely
as tetramers, with only trace amounts of monomers and dimers
detected after 24 h at 80 °C in the absence of diflunisal, and only
tetramers in the presence of the drug (Fig. 44, Right). We con-
clude that diflunisal stabilizes TTR tetramers in vitro at ambient
and elevated temperatures.

PNAS | vol. 115 | no.28 | E6431
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Temperature-jump data also revealed the effects of diflunisal
on the protein unfolding kinetics. Changes in the tertiary struc-
ture at 80 °C were monitored by CD at 291 nm (23). To decrease
the noise level resulting from UV absorption by diflunisal, a
reduced drug/protein monomer molar ratio of 5:1 was used.
Glu51_Ser52dup alone showed the fastest unfolding, which de-
celerated in the presence of diflunisal (Fig. 4B, red and purple).
Compared with Glu51_Ser52dup either alone or with diflunisal,
LeuS55Pro alone exhibited slower unfolding that diflunisal further
decelerated (Fig. 4B, blue and teal). WT showed little unfolding
under these conditions. Together, the results in Fig. 4 revealed
that the Glu51_Ser52dup mutation greatly destabilizes the TTR
tetramer, and that diflunisal partially restores the structural in-
tegrity of the variant tetramer and increases its thermal stability.

The effects of ATTRm mutations and diflunisal on the ki-
netics of TTR unfolding at ambient temperatures were tested by
chemical denaturation. The proteins were incubated in 0-4 M
urea at 25 °C for up to 96 h. The ratio of the fluorescence
emission intensity at 355 nm and 335 nm, I355/1335, which reports
on the solvent exposure of Trp upon protein unfolding (34), was
measured with and without diflunisal at a drug/TTR monomer
molar ratio of 25:1. As expected, WT showed no unfolding under
these conditions, Leu55Pro showed some unfolding that was
completely blocked by diflunisal, and Glu51_Ser52dup showed
much greater unfolding that was only partially inhibited by diflu-
nisal (Fig. 5). Compared with WT and Leu55Pro, Glu51_Ser52dup
has much lower structural stability that clinically relevant diflunisal
concentrations only partially ameliorated.

Diflunisal Binds to WT and Mutant TTR with Comparable Affinity.
Isothermal titration calorimetry (ITC) was used to quantify
diflunisal binding to Glu51_Ser52dup. WT tetramer has two
diflunisal binding sites overlapping the thyroxin-binding sites that
are located across the weak dimer—dimer interface, and are related
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Fig. 5. Diflunisal increases TTR stability to chemical denaturation. WT (A),
Leu55Pro (B), and Glu51_Ser52dup (C) in the absence (Top) or presence
(Bottom) of diflunisal were incubated in 0-4 M urea (color-coded light to
dark) at 37 °C for up to 92 h, during which intrinsic Trp fluorescence was
measured. The ratio of the emission intensity at 355 nm and 335 nm, I3s5/l33s,
versus time depicts the kinetics of protein unfolding. In diflunisal-containing
samples, 360 pM diflunisal and a 25:1 drug/protein molar ratio were used.
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Fig. 6. Diflunisal binding to WT and Glu51_Ser52dup TTR. (A) TTR dimer
binds diflunisal (difl) at two sites across the weak dimer—dimer interface. A
ribbon representation of the 1.85 A resolution crystal structure of WT TTR
with bound diflusinal [Protein Data Bank (PDB) ID code 3D2T] reveals two
alternative orientations of the drug molecule (in stick representation). Each
protein molecule is rainbow-colored from the N terminus to the C terminus
(blue to red); black lines indicate main chain H-bonds. (B) ITC of WT and
Glu51_Ser52dup TTR. Raw data (Top) and binding isotherms (Bottom) are
shown. Parameters determined by fitting these isotherms using a model
with two independent binding sites are listed. TTR concentrations are
~100 puM. K, dissociation constant; N, the site occupancy.

via the dimer twofold symmetry (35) (Fig. 64). To solubilize the
hydrophobic drug at a 1.4 mM concentration necessary for ITC, we
first used ethanol following published protocols (35); however, a
low signal-to-baseline ratio in the ITC data, which resulted from
the high dissolution heat of ethanol in water, precluded accurate
data analysis (SI Appendix, Fig. S2). To diminish the baseline,
diflunisal was dissolved in dimethyl sulfoxide as described in Ma-
terials and Methods, leading to useful ITC data (Fig. 6B).

The isotherms for diflunisal binding to WT and Glu51_Ser52dup
were similar, yielding similar binding parameters (Fig. 6B). Previous
ITC studies used a two-site model to approximate diflunisal binding
to WT (35). Although the binding isotherms in Fig. 6B showed only
one observable binding event, a two-site binding model yielded
much better data fitting (x* ~ 10%; Fig. 6B) compared with a single-
site model (x> ~ 10°; SI Appendix, Fig. S2). For the one-site model,
both proteins showed similar binding affinity with K4 ~ 10 pM. For
the two-site model, the dissociation constants were Kq; ~ 10 pM
and K, ~ 600-900 nM for Glu51S-Ser52dup and K4 ; ~ 10 pM and
Ky, ~ 200-300 nM for the WT, which are comparable to the
published values for the WT (35). The binding enthalpies for the
two sites, AH; ~ AH, = 9.5 + 0.7 kcal/mol, were similar for both
proteins, suggesting similar drug—protein interactions at these sites.

Klimtchuk et al.
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Since diflunisal binding shifted the Glu51_Ser52dup population
from monomers and dimers to tetramers (Fig. 44), a decrease in
the cratic (association) entropy was expected to provide an un-
favorable contribution to the binding free energy of the mutant, but
not the WT, TTR. However, this entropic effect was not detected
(Fig. 6B), perhaps because the duplication mutant was largely tet-
rameric at the high protein concentrations used in ITC. In sum-
mary, ITC data showed that diflunisal binds weakly to both WT and
Glu51_Ser52dup with comparable near-micromolar affinity (i.e.,
comparable free energy of binding), as well as similar enthalpy of
binding, AH ~ 10 kcal/mol, suggesting that the duplication muta-
tion in the surface loop has little effect on the drug—protein inter-
actions across the subunit interface.

We conclude that the Glu51_Ser52dup mutation carrier did
not respond to diflunisal treatment because of reduced structural
stability of this variant and insufficient drug binding at physio-
logically relevant concentrations (Figs. 4 and 5), and not because
of decreased variant TTR affinity for the drug (Fig. 6B).

Duplication Mutation Helps Generate Proteolytic Fragments That
Form Amyloid. Protein fragmentation can importantly influence
the development of amyloidosis, such as ATTRm. For example,
trypsin can cleave TTR at the Thr48-Lys49 junction, releasing
the C-terminal fragment, 49-127. This fragment is a major
constituent of ATTRm amyloid deposits in vivo (7, 36) and also
forms fibrils in vitro under ambient conditions, while the full-
length protein does not (37). We used trypsin to mimic the yet-
to-be-identified proteases that cleave TTR in vivo. To test
whether the Glu51_Ser52dup mutation influences TTR cleavage
and generation of a corresponding duplication-containing frag-
ment, 49-129, the protein was subjected to limited tryptic di-
gestion, and the products were analyzed by SDS/PAGE. All
proteins showed two bands in SDS/PAGE corresponding to TTR
monomers and dimers (Fig. 74 and SI Appendix, Fig. S3A),
suggesting incomplete dimer unfolding in SDS. Unlike WT or
Leu55Pro, which showed no fragmentation under these condi-
tions (37) (SI Appendix, Fig. S34), Glu51_Ser52dup was exten-
sively proteolyzed after just 5 min of tryptic digestion, with
formation of multiple fragments (Fig. 74). The dimer population
decreased much faster than the monomer population, suggesting
that in the dimer, digestion of one subunit led to subunit disso-
ciation, which protected the other subunit against proteolysis.
Electrospray ionization mass spectrometry of the proteolytic
products revealed a fragment of 8,984 Da corresponding to
residues 49-129 (Fig. 7B).

To test whether the tryptic fragments of Glu51_Ser52dup
formed amyloid, we monitored the time course of amyloid for-
mation using thioflavin T (ThT), a fluorescent dye whose emission
increases upon binding to an amyloid-like structure (38). The
proteins were incubated with ThT in the presence or absence of
trypsin, either with or without diflunisal (1.8 mM) at a 25:1 drug/
protein molar ratio (Fig. 7C). As expected, LeuS5Pro, which was
not proteolyzed by trypsin under these conditions, showed no
changes in the emission intensity, indicating that no amyloid was
formed (37). In the absence of trypsin, Glu51_Ser52dup also
showed no changes in ThT emission. In contrast, in the presence
of trypsin, Glu51_Ser52dup showed a rapid increase in emission,
which was observed either with or without diflunisal. This obser-
vation was consistent with the Glu51_Ser52dup fragmentation and
accumulation of amyloidogenic fragments, particularly 49-129
(Fig. 7 A and B). In addition, this result was concordant with the
location of the mutation and the cleavage sites on the exposed
molecular surface away from the TTR subunit interface that binds
diflunisal (Fig. 64). Such a location explains why diflunisal binding
at this interface did not interfere with the protein cleavage at the
Thr48-Lys49 junction (SI Appendix, Fig. S3B), and hence had little
effect on the amyloid formation (Fig. 7C).
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Fig. 7. Proteolysis of Glu51_Ser52dup by trypsin leads to amyloid forma-
tion. (A) SDS/PAGE of Glu51_Ser52dup at various stages of limited pro-
teolysis. The protein (1 mg/mL) was incubated with trypsin at 37 °C,
200:1 substrate/enzyme weight ratio, for 5-510 min as indicated on the
lanes; 0 indicates intact protein before incubation. An asterisk indicates the
~9-kDa fragment that is formed after 5 min and gradually accumulates over
time. St, molecular weight standards. (B) Electrospray ionization mass spec-
trometry of the incubation mixture at 5 min from A reveals a C-terminal
fragment with molecular mass of 8,984 Da corresponding to residues 49-
129 of Glu51_Ser52dup, along with the full-length duplication mutant (residues
1-129, 13,978 Da). (C) Amyloid formation upon limited proteolysis of mutant
TTR monitored by ThT emission. Glu51_Ser52dup (warm colors) and Leu55Pro
(cold colors) were incubated at 37 °C alone, with trypsin (1 mg/mL TTR,
200:1 weight ratio of TTR monomer to enzyme), or with trypsin and diflunisal
[25:1 (mol/mol) drug/TTR monomer, 1.8 mM diflunisal]. Only samples contain-
ing E51_S52dup and trypsin, either with or without diflunisal, showed ThT
binding to amyloid-like structures. (D) Transmission electron micrographs of
negatively stained samples after incubation with trypsin for 5 d with double-
orbital shaking at 168 rpm, 37 °C in a TECAN fluorescence microplate reader
(Fisher Scientific). Samples containing Glu51_Ser52dup and trypsin, either with
(Top, 25:1 drug/TTR monomer molar ratio) or without (Bottom) diflunisal,
showed massive fibril formation, while other samples showed few fibrils. difl,
diflunisal; tryp, trypsin.

To test whether the formation of the amyloid-like structure by
tryptic fragments of Glu51_Ser52dup was on the pathway to
formation of mature fibrils, the proteins at a concentration of
about 1 mg/mL were incubated at 37 °C for 96 h with shaking and
were visualized by negative-stain transmission electron micros-
copy. Massive clusters of nonbranched fibrils ~10 nm in width,
typical of mature amyloid fibrils, were observed in Glu51_Ser52dup
proteolyzed by trypsin either in the absence or in the presence of
diflunisal at a 25:1 drug/protein molar ratio, or 1.8 mM diflunisal
(Fig. 7D).

We conclude that Glu51_Ser52dup mutation greatly enhances
protein susceptibility to cleavage and the generation of amyloi-
dogenic fragments, particularly 49-129, that readily form amy-
loid in a process not blocked by physiologically relevant diflunisal
concentrations.
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Effects of Mutation on the Local Protein Structure, Dynamics, and
Amyloid Formation. To probe how the Glu51_Ser52dup mutation
affects protein dynamics and aggregation propensity, we per-
formed amino acid sequence analysis of TTR using the bio-
informatics server PASTA 2.0 (39), and mapped the results on
the crystal structure of WT with bound diflunisal (Fig. 8). The
duplication site is located in the CD loop (WT residues 49-53,
TSESG) linking p-strands C and D (Figs. 64 and 84). In the WT
protein, this loop was predicted to be relatively disordered (Fig.
8B, Top). This prediction was substantiated by previous hydrogen-
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Fig. 8. Effects of Glu51_Ser52dup mutation on the local protein structure
predicted by bioinformatics methods. (A) Amino acid sequence analysis of WT
and mutant TTR using the PASTA 2.0 server. (Top) In WT, increased disorder is
predicted in residues 40-60 containing the CD loop, and is confirmed by
hydrogen-deuterium exchange NMR (40, 42). The Glu51_Ser52dup mutation in
the CD loop is predicted to further increase the disorder in this region. (Bottom)
However, the mutation does not affect the amyloid-forming sequence pro-
pensity of TTR (shown as aggregation-free energy). Residues 25-34 from the A’
B region are predicted to have the strongest amyloid-forming propensity in
both WT and mutant TTR, with favorable (negative) aggregation-free energy
exceeding the threshold of —5 PASTA units (dotted line; 1 unit = 1.92 kcal/mol).
(B) X-ray crystal structure of WT TTR with bound diflunisal shows packing of the
amyloidogenic segment (residues 25-34, in blue) from the A’B loop/strand,
which is buried in the native structure, against the CD surface loop (residues 49—
53, in red). Hence, the CD loop screens the amyloidogenic segment 25-34 from
the solvent. Two dimer-forming molecules in ribbon representation are shown
in different shades of gray. PDB, Protein Data Bank.
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deuterium exchange NMR studies of WT showing low structural
protection in this surface loop compared with other regions of
the TTR molecule (4042) (Fig. 84, red). The Glu51_Ser52dup
mutation was predicted to further increase the disorder in residue
segment 40-60 containing the CD loop (Fig. 8B, Top). This pre-
diction was substantiated by a rapid release of the 49-129 frag-
ment upon tryptic digestion of the duplication mutant (Fig. 7 4
and B). Hence, both experimental and bioinformatics studies
showed that the duplication mutation increases local structural
disorder in the CD loop. This result is likely relevant to the discase
since TTR cleavage at the 48-49 junction generates the aggregation-
prone C-terminal fragments found in ATTRm deposits (7).

The duplication did not alter the protein’s amyloid-forming
sequence propensity, as evident from the aggregation-free en-
ergy plots (Fig. 8B, Bottom). These plots showed that residue
segment 25-34 (AINVAVHVFR) from the A'B region has the
strongest amyloidogenic sequence propensity, with a favorable
(negative) free energy of aggregation approaching —9 kcal/mol. Other
prediction methods (e.g., the consensus software AmylPred2 or
zipperDB) also identified these residues as amyloidogenic, which
was confirmed experimentally in synthetic peptide studies (43).
Hence, bioinformatics and experimental studies consistently showed
that residue segment 25-34 is strongly amyloidogenic.

In globular proteins, adhesive segments are normally pro-
tected from aggregation by their native packing. One example is
WT TTR segment 25-34, which forms a part of the A’B loop and
the B strand, shows high structural protection by hydrogen-
deuterium exchange NMR (40, 42), and is well-ordered in the
crystal structure (Fig. 84). The protection of the loop residues
25-28 (AINV) is conferred mainly via tertiary interactions with
adjacent segments such as the C-strand and CD loop, including
the formation of two main chain hydrogen bonds (H-bonds):
Asn27 to Ser50 and Ala29 to Lys48. The extension of the CD
loop in the Glu51_Ser52dup variant must perturb these native
interactions.

We propose that increased local disorder caused by the du-
plication mutation in the CD loop (Fig. 8B) decreases the
structural protection of the nearby adhesive segment A'B (Fig.
8A), thereby promoting the aggregation and misfolding of the
full-length Glu51_Ser52dup mutant. Moreover, such an increased
disorder promotes cleavage with a release of the aggregation-
prone C-terminal residue fragment 49-129 (Fig. 7).

Discussion

Molecular Origins of Unusual Clinical Features of Glu51_Ser52dup
ATTRm. This study reports ATTRm linked to a unique duplica-
tion mutation with an unusually severe phenotype. Diflunisal, a
proven TTR tetramer stabilizer, failed to slow neurological disease
progression. The duplication mutation decreased the apparent
melting temperature of TTR by about 10 °C (Fig. 2C) and desta-
bilized the protein structure even more than LeuS5Pro, a partic-
ularly destabilizing and clinically aggressive ATTRm variant (22).
Since the secondary and tertiary structures of Glu51_Ser52dup
(Fig. 2.4 and B) and other ATTRm mutants are very similar to those
of the WT (37), the deleterious effects of the duplication muta-
tion probably stem from the altered quaternary structure and/or
protein dynamics. Several factors could potentially contribute
to this aggressive drug-resistant form of ATTRm: (i) decreased
thermodynamic stability of the variant TTR monomer, which
promotes protein misfolding; (ii) decreased kinetic stability of the
variant tetramer, which induces the release of aggregation-prone
monomers; (iii) decreased affinity of the variant tetramer for
diflunisal; and (iv) increased local disorder in the variant protein
at sites that promote amyloid formation but are not affected by
diflunisal binding. Our biophysical studies of Glu51_Ser52dup,
Leu55Pro, and WT TTR proteins, together with bioinformatics
and structural studies, revealed that factors i, ii, and iv pertained to
the duplication mutant.

Klimtchuk et al.
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Structural Basis for TTR Destabilization by the Duplication Mutation.
In the TTR crystal structures, such as the WT with bound diflunisal
(35) (Fig. 64; Protein Data Bank ID code 3D2T, 1.85 A resolu-
tion), the CD loop is well-ordered (main chain B-factors ~ 35 A%
and forms a tight p-turn at Ser52 stabilized by a 2.8 A main chain
H-bond between O of Ser50 and N of Gly53. The polypeptide
chain is bent at ~120° at Gly53, which helps to position the short
strand D (Gly54-Leu55) antiparallel to strand A (residues 11-18)
to form main chain H-bonds linking Val14 to Leu55 and Lysl15 to
Asp54. The importance of this H-bonded network is suggested by
very similar H-bonding observed in various TTR crystal structures
and by the high degree of conservation of the A and D strands in
vertebrates (44).

This intramolecular H-bonding is perturbed by mutations in
the CD loop. For example, an aggressive amyloidogenic muta-
tion, Ser52Pro, perturbs the side-chain H-bonding in this region,
reducing the protein thermodynamic stability by 2.3 kcal/mol
(37). Notably, this conservative mutation places a proline in a
preferred position of the p-turn without perturbing the main
chain interactions. In contrast, Glu51_Ser52dup, which extends
the CD loop, is expected to perturb both the side- and main-
chain H-bonding, which helps explain the greatly reduced ther-
modynamic stability of the Glu51_Ser52dup monomer detected
by equilibrium unfolding (Fig. 2 E and F).

Furthermore, in the WT tetramer, the f-turn at Ser52 is only
several angstroms away from the C terminus of another subunit
located across the weak dimer—dimer interface (Fig. 64). In the
duplication mutant, the extension of the CD loop toward this
interface may interfere with the tetramer packing, perhaps by
generating an uncompensated charge and/or creating steric
clashes with adjacent subunits, and thereby favoring the release
of the TTR dimers and monomers. This idea helps explain why
the equilibrium population in Glu51_Ser52dup was shifted from
the tetramer to the monomer and dimer (Figs. 34 and 44) and
the kinetic stability of the GluS1_Ser52dup homotetramer was
greatly decreased (Fig. 2D). Moreover, the duplication mutation
destabilized WT/mutant heterotetramers, wherein the presence of
just one mutant subunit was sufficient for tetramer destabiliza-
tion (Fig. 3). This observation is particularly relevant, as mixed
heterotetramers are hallmarks of heterozygous ATTRm mu-
tants in vivo (28, 29). In summary, the duplication mutation
probably perturbs intramolecular H-bonding in the TTR mono-
mer and intermolecular packing in the tetramer, leading to de-
creased structural stability of the monomer and tetramer, which
is proamyloidogenic.

The Duplication Mutation Does Not Interfere with Diflunisal Binding.
Although diflunisal treatment was inefficient in vivo, the dupli-
cation mutant did bind diflunisal in vitro at physiologically rel-
evant drug concentrations and drug/protein ratios. As expected,
this binding stabilized the tetramer, although at 360 pM diflu-
nisal, which mimics the maximal therapeutic serum levels (32,
33), it did not restore the variant protein stability to the levels
seen in the WT (Fig. 4). Interestingly, free energy and enthalpy
of diflunisal binding to the WT and Glu51_Ser52dup were sim-
ilar within the error of their determination by ITC (Fig. 6B). This
implies that the drug—protein interactions at the weak dimer—
dimer interface were not significantly altered by the duplication
mutation in the surface loop; conversely, diflunisal binding did
not significantly influence local conformation near the mutation
site (discussed in the next section). Therefore, the drug-resistant
nature of the duplication mutation must result from factors other
than the decreased TTR affinity for diflunisal. These factors
could include destabilized structure of the variant tetramer and
monomer, along with local disordering in sensitive regions,
particularly those close to the mutation site.

Klimtchuk et al.

Proamyloidogenic Cleavage in the CD Loop Is Insensitive to Diflunisal.
Besides structural destabilization of the Glu51_Ser52dup variant
upon thermal or chemical stress (Fig. 2), reduced protein sta-
bility was also evident from rapid tryptic digestion at ambient
conditions (Fig. 7). Of all ATTRm variants explored to date,
only Ser52Pro underwent tryptic digestion at similar ambient
conditions (37), while other variants became susceptible only
upon additional perturbations, such as sheer stress (45, 46).
Notably, both Glu51_Ser52dup and Ser52Pro mutation sites are
located in the flexible CD loop that undergoes cleavage in vivo.
In the duplication mutant, increased disorder in this loop was
predicted by bioinformatics tools (Fig. 84, Top) and was con-
firmed by limited proteolysis, with release of the amyloidogenic
C-terminal residue fragment 49-129 and rapid formation of
amyloid (Fig. 7). A similar fragment is the principal constituent
of type A human amyloid deposits formed by WT or variant
proteins (7, 47). We posit that enhanced cleavage at Lys48-
Thre49 of the Glu51_Ser52dup variant with release of the
amyloidogenic C-terminal fragment contributes to amyloid de-
position in vivo. This process is representative of WT and other
ATTRm variants (45, 46), but is particularly pronounced in the
duplication variant.

Importantly, diflunisal did not inhibit this pathogenic cleavage
in the Glu51_Ser52dup variant even at 360 pM diflunisal and a
25:1 molar excess of the drug (Fig. 7 C and D), which mimics the
maximal therapeutic serum levels of diflunisal administered
twice daily at 250 mg but exceeds its bioavailable levels. At such a
drug concentration, both binding sites in the TTR tetramer are
largely occupied. This is evident from the previous in vitro
studies of other ATTRm variants using similar drug concentra-
tions and 0.5-4.0 (mol/mol) diflunisal/TTR (45), as well as from
the clinical studies of diflunisal occupancy in the TTR tetramer
in vivo (33). Consequently, increasing the dose of diflunisal is not
expected to stabilize the tetramer and block its pathological
cleavage in vivo.

Similar to Glu51_Ser52dup, diflunisal did not inhibit the
proamyloidogenic cleavage of Ser52Pro variant (37). These ob-
servations help explain the drug-resistant nature of the duplica-
tion mutation and the limited efficacy of diflunisal for ATTRm
therapy in general. Other small molecules targeting the thyroxine-
binding site, including bivalent ligands that bind both sites simul-
taneously, showed limited protection for other ATTRm variants
against cleavage at Lys48 under mechanical stress in vitro (45, 46).
However, these small molecules did not protect Ser52Pro variant
against this pathogenic cleavage (45), and hence are not expected
to protect Glu51_Ser52dup variant, necessitating the search for
additional drug targets.

Besides formation of amyloidogenic proteolytic fragments,
increased local disorder in the CD loop can promote amyloid
formation by decreasing the structural protection of the nearby
adhesive segment A'B (Fig. 8), which favors the misfolding of the
full-length protein. In fact, mass spectral analysis demonstrated
the presence of full-length Gly51_Ser52dup in amyloid deposits
from the proband (SI Appendix, Fig. S1).

In summary, our results suggest that the aggressive character
of the duplication mutation may stem from the global reduction
in stability of the variant TTR monomer and the tetramer (Figs.
2, 3, and 74) and local disordering near the mutation site. This
disordering may either promote the generation of the amyloi-
dogenic C-terminal fragments (Fig. 7) or favor the misfolding of
the full-length protein by decreasing the structural protection in
the adhesive residue segment 25-34 (Fig. 8). Notably, these two
processes are insensitive to diflunisal binding at a subunit in-
terface, which helps explain why diflunisal was ineffective in
treating Glu51_Ser52dup ATTRm. The observation that diflu-
nisal binds with comparable affinity to the WT and the mutant
proteins (Fig. 8), but that this binding only partially restored the
TTR tetramer stability even at a high drug concentration when
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both sites were occupied (Fig. 4), suggests that increasing the drug
dose would not necessarily benefit the mutation carriers. Rather,
new therapeutic strategies should be developed to target the
mutation and the cleavage sites, and not only to stabilize the
tetramer.

Materials and Methods

The study was conducted according to the Declaration of Helsinki. Informed
consent was obtained from the patient with the permission of the Boston
Medical Center Institutional Review Board, which approves all experiments
involving human subjects. Recombinant full-length human TTR, including
WT, Glu51_Ser52dup, and Leu55Pro, was expressed in Escherichia coli and
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