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Abstract

Misfolding and amyloid formation of transthyretin (TTR) is implicated in numerous degenerative
diseases. TTR misfolding is greatly accelerated under acidic conditions, and thus most of the
mechanistic studies of TTR amyloid formation have been conducted at various acidic pH values (2
—5). In this study, we report the effect of pH on TTR misfolding pathways and amyloid structures.
Our combined solution and solid-state NMR studies revealed that TTR amyloid formation can
proceed via at least two distinct misfolding pathways depending on the acidic conditions. Under
mildly acidic conditions (pH 4.4), tetrameric native TTR appears to dissociate to monomers that
maintain most of the native-like B-sheet structures. The amyloidogenic protein undergoes a
conformational transition to largely unfolded states at more acidic conditions (pH 2.4), leading to
amyloid with distinct molecular structures. Aggregation kinetics is also highly dependent upon the
acidic conditions. TTR quickly forms moderately ordered amyloids at pH 4.4, while the
aggregation kinetics is dramatically reduced at a lower pH of 2.4. The effect of the pathogenic
mutations on aggregation kinetics is also markedly different under the two different acidic
conditions. Pathogenic TTR variants (V30M and L55P) aggregate more aggressively than WT
TTR at pH 4.4. In contrast, the single-point mutations do not affect the aggregation kinetics at the
more acidic condition of pH 2.4. Given that the pathogenic mutations lead to more aggressive
forms of TTR amyloidoses, the mildly acidic condition might be more suitable for mechanistic
studies of TTR misfolding and aggregation.
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1. Introduction

Transthyretin (TTR) is a natively folded tetrameric protein that is secreted into the blood and
cerebrospinal fluid (CSF) by the liver and choroid plexus, respectively. TTR acts as a carrier
of retinol-binding protein in the blood and thyroid hormone (T4) in the CSF. Amyloid
formation of wild-type (WT) TTR is associated with senile systemic amyloidosis (SSA)
affecting as much as 25% of the population over age 80. More than 100 single-point
mutations are known to accelerate amyloid formation, leading to earlier onset of TTR
amyloidoses such as familial amyloidotic polyneuropathy (FAP), familial amyloid
cardiomyopathy (FAC), [1] and rarely central nervous system selective amyloidosis
(CNSA). [2,3] Previous biophysical studies showed that TTR amyloidoses are initiated by
the dissociation of the tetramers to monomers followed by a conformational transition of the
monomer to a partially unfolded intermediate, which self-assembles into amyloid.[4-7]

The conformational transition of the globular protein to amyloidogenic intermediates is
facilitated under partly denaturing acidic conditions. [8-11] It has been hypothesized that
TTR misfolding and aggregation might be triggered in the acidic environments /n vivo such
as endosomes and lysosomes. [12] Although it is still unknown whether TTR is exposed to
the acidic environments /n vivo, acid-induced TTR misfolding studies /n vitroat pH 4 - 5
have provided valuable insights into the molecular mechanism of TTR amyloidogenesis, [4—
7,13] leading to the development of therapeutic agents such as tafamidis approved in Europe
and Japan.

Recently, more acidic conditions (pH 2 — 3) were also used to investigate TTR amyloid
formation process, providing additional insights into aggregation kinetics, assembly-
disassembly properties of TTR protofibrils, and structural features of intermediate
aggregates. [14-16] The biophysical studies at various acidic conditions enhanced our
understanding of molecular basis of TTR amyloid formation. It is, however, unclear whether
the TTR aggregations proceed via a single misfolding pathway at the acidic pHs or multiple
pathways depending on the pH values.

In the present study, we systematically investigated the effect of pH on the TTR misfolding
and amyloid formation pathways using solution and solid-state NMR spectroscopy. Our
previous biophysical studies revealed that tetrameric TTR dissociates into aggregation-prone
monomers that contain extensive native-like B-sheet conformations at the mildly acidic pH
of 4.4. [17] In addition, the amyloidogenic TTR monomers were shown to form moderately
ordered amyloid. Here we report that TTR undergoes a conformational transition to more
unfolded states at pH 2.4, and slowly forms amyloid with distinct molecular structures.
Wild-type and mutant forms of TTR also have markedly different aggregation properties at
the different pH values. At the mildly acidic pH of 4.4, clinically more aggressive mutations
(V30M and L55P) accelerate TTR aggregations, while the aggregation kinetics was not
altered by the pathogenic mutations at pH 2.4. These results indicate that the TTR
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misfolding and aggregation process observed at pH 4.4 might be more relevant to that
observed /n vivo.

2. Materials and methods

2.1

Protein Expression.

Wild-type and two mutant forms of TTR (V30M and L55P) were expressed in an £. coli
expression system, as previously described. [4] The overexpressed proteins were purified by
using an anion exchange Q column and a Superdex 75 gel filtration column (GE Healthcare,
Pittsburg, PA) running on an AKTA FPLC system. Uniformly 1°N-labeled protein was
prepared using 1°N-NH,Cl as a sole source of nitrogen in M9 minimal medium. The protein
concentration was measured and calculated using an extinction coefficient of 77,600 M- cm
~1 at 280 nm.

For selectively 13CO- and 13Ca-labeled samples, the M9 media supplemented with
unlabeled amino acids (100 mg per liter culture) and 13CO- and 13Ca-labeled amino acids
(50 mg/L) were used for protein expression. The selective labeling of the specific amino acid
was confirmed by 13C solid-state NMR spectra of the native state of TTR.

2.2. Amyloid Formation.

Amyloid samples at pH 4.4 were obtained by mixing the protein (0.2 mg/mL in 10 mM PBS
buffer) with 200 mM acetate buffer (100 mM KCI, 1 mM EDTA, pH 4.4). In order to trigger
TTR aggregation at a low pH of 2.4, 1 — 2 pL of concentrated H3PO,4 was added to the
protein solution (10 mM PBS buffer) to lower the pH directly to 2.4.

2.3. NMR Spectroscopy.

1H/I5N heteronuclear single-quantum coherence (HSQC) NMR spectra were recorded at
15 °C on a 500 MHz Varian Inova spectrometer equipped with a zaxis gradient triple
resonance probe. Solid-state NMR spectra were recorded using Bruker 830 MHz
spectrometers equipped with a 3.2 mm MAS probe. Two-dimensional 13C-13C correlation
NMR spectra were collected using a proton-driven spin diffusion (PDSD) mixing scheme
[18] at spinning frequencies of 11 — 12 kHz. The spinning speed was set close to the Awjs, =
2y, rotational resonance (RR) conditions [19,20] for efficient polarization transfer. The 90°
pulse-lengths for H and 13C were 3.0 and 2.5 ps, respectively, and the two-pulse phase-
modulated (TPPM) decoupling scheme was employed with a radio-frequency field strength
of 85 kHz. For the 2D PDSD spectra, complex data points of 1024 x 145 were collected for
amyloid states with an acquisition delay of 2 sec, and 48 — 64 FIDs were accumulated for
each t1 data point. The cross-peaks observed in all of the TTR amyloid formed at pH 4.4
were assigned in our previous solid-state NMR study. [17]

2.4. Circular dichroism (CD) Spectroscopy.

The CD spectra were recorded by scanning from 260 nm to 190 nm on a Jasco J-810
spectropolarimeter (Easton, MD) using a 1 mm path length Suprasil quartz cell at pH 2.4 —
7.0. The protein samples (0.1 mg/ml) were pre-equilibrated at 15 °C for 30 min before
acquisitions.
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2.5. Transmission electron microscopy (TEM).

Insoluble TTR aggregates were spun down at 13,000 g for 1 hour and washed twice with
deionized water to remove remaining soluble tetramers and soluble aggregates. The TTR
amyloid samples were negatively stained with 2 % uranyl acetate. Aliquots of 5 uL TTR
samples were applied to 200 Formvar-coated copper grids, and the TTR amyloids were
visualized using Philips CM12 transmission electron microscope at 80 kV.

2.6. Aggregation essay.

Under the mildly acidic condition (pH 4.4), TTR precipitates as large aggregates that can be
quantified by measuring optical density at 400 nm. The turbidity of the protein solution was
recorded over a period of 10 hrs to monitor aggregation kinetics at pH 4.4. At a more acidic
pH of 2.4, the protein sample forms transparent gel-like aggregates, which cannot be
quantified by the turbidity measurements. Dynamic light scattering (DLS) was used to probe
structural changes from the initial unfolded states to B-structured amyloid over a period of
24 hrs.

3. Results

3.1. Misfolding pathways

Amyloid formation of globular proteins involves a global/local unfolding of natively folded
proteins to intermediates that self-assemble into amyloid adopting a cross-p structure. Partial
denaturation of globular proteins has been used to promote misfolding and amyloid
formation to investigate molecular mechanism of the aggregation process /n vitro. [21-25]
Previous studies of the acid-mediated denaturation pathway of TTR showed that mild
acidifications with optimum pH of 4.4 trigger rate-limiting tetramer dissociation and
subsequent monomer unfolding that is required for TTR amyloid formation. [4-6] Recently,
stronger acidic conditions (pH 2 — 3) have also been used to induce TTR amyloid formation.
[14-16] It is, however, unclear whether the TTR aggregations proceed via a similar
misfolding mechanism or distinct molecular mechanisms at different acidic conditions.

In order to investigate the misfolding pathways at the acidic conditions in more detail, two
dimensional 1H/2°N HSQC NMR spectra were recorded at the two different pH values of
4.4 and 2.4 (Figure 1). Under the mildly acidic condition (pH 4.4), the NMR resonances in
the HSQC spectrum are well-dispersed, indicating that TTR still adopts a folded
conformation at the amyloidogenic pH. In contrast to pH 4.4, the NMR cross-peaks appear
in completely different positions at pH 2.4 (Figure S1), suggesting that TTR undergoes a
drastic conformational change at the more acidic condition. The clustered NMR resonances
in the IH dimension are typically observed for unfolded states of proteins, indicating that
TTR becomes largely unfolded at pH 2.4.

The distinct structural features of the monomeric intermediate states observed in the HSQC
NMR spectra were confirmed with CD spectroscopy (Figure S2). The native TTR
predominantly adopts B-sheet conformations consisting of the two B-sheets (CBEF and
DAGH p-sheets, Figure 1). The CD spectrum collected at pH 7.0 shows a minimum between
210 and 220 nm indicative of typical p-sheet conformations, indicating that TTR adopts p-
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sheet conformations at the physiological pH. It is interesting to note that the CD spectrum
recorded at the amyloidogenic pH 4.4 is almost identical to that observed at the native
condition (pH 7.0). The CD spectrum recorded at the more acidic pH of 2.4 displays a
marked difference from that obtained at pH 4.4. The minimum intensity at 190 nm clearly
indicates that TTR undergoes an unfolding transition to more disordered states at pH 2.4.

3.2. Structural features of amyloids.

TTR amyloids incubated at the two different conditions (pH 4.4 and 2.4) were examined
with TEM and thioflavin T (ThT) fluorescence measurements. Under the mildly acidic
condition of pH 4.4, TTR forms moderately ordered aggregates (amyloid-4, Figure 1). On
the other hand, small filamentous aggregates were observed at more acidic condition
(amyloid-2, Figure 1), as was previously observed. [26] The ThT fluorescence intensities
upon binding to the two amyloids were also consistent with the TEM images (Figure S3). A
more enhanced ThT fluorescence for the amyloid formed at pH 2.4 suggests that the
filamentous aggregates might have larger surfaces where the small molecule can bind than
the TTR aggregates obtained at pH 4.4.

We employed solid-state NMR to compare molecular structures of the two amyloids in more
detail. Two-dimensional (2D) 13C-13C correlation NMR spectra were acquired to compare
overall structural features of the two amyloid states (Figure S4). The 2D NMR spectra for
the two amyloid states are overlapped well, suggesting that the two amyloid forms have
overall similar structures. Our previous structural studies showed that TTR amyloid formed
at pH 4.4 has extensive native-like B-sheet structures. [17] Thus, we investigated native-like
B-structures of the two amyloid states using selective 13CO/13Ca-labeling schemes (Figure
2), which was shown to be of great use in investigating native-like B-structures of amyloid
states of TTR. [17] For example, selective 13CO-Leu and 13Ca-Met labeling will produce
one dipolar-coupled 13CO-13Ca spin pair at distances of 46 A in the DA strands (Figure 2).
Solid-state NMR experiments that detect spin pairs with a separation of up to 6 A can then
be used to investigate any structural changes in the B-structure.

Figure 3 shows 2D 13C-13C correlation NMR spectra obtained with a proton-driven spin
diffusion (PDSD) mixing scheme for the 13CO-Leu and 13Ca-Met (L/M) labeled TTR
amyloids (red in Figure 3a and 3b). In the amyloid state of TTR formed at pH 4.4
(amyloid-4), two cross-peaks for the L55-M13 and L12-M13 spin pairs were detected,
suggesting the presence of native-like DA B-structure in the amyloid state (red in Figure 3a
and Figure S5). However, the cross-peak for L55-M13 was not observed for the amyloid
obtained at pH 2.4 (amyloid-2, red in Figure 3b), indicating a structural change in the DA
structure at the lower pH. The solid-state NMR experiments were then used to probe the
AGH p-structure in the amyloid states (black in Figure 3a and 3b). In the overlaid PDSD
spectra for the L/Y (black) and L/M (red) spin pairs, the two cross-peaks for the L110-Y116
and L111-Y116 (black in Figure 3a) were observed in amyloid-4. The same cross-peaks for
the L/Y spin pairs were also detected in the amyloid-2 (black in Figure 3b). In addition, one
cross-peak for L12-Y105 in AG B-structure was detected in the amyloid-2 (Figure 3c). The
cross-peak for the for L12-Y105 spin pair was also observed in amyloid-4 state in our
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previous solid-state NMR studies, [17] suggesting that the AGH B-structure is maintained in
the two amyloid states.

The solid-state NMR experiments were extended to probe native-like CBEF B-structures in
the amyloid states using the 13CO and 13Ca. labeling schemes (Figure 2). The 2D PDSD
solid-state NMR spectra for various labeling schemes were compared for the two amyloid
states. Our previous solid-state NMR experiments with the amino acid selective labeling
schemes in the CBEF B-structure showed that the native-like CBEF B-structure is
maintained in TTR amyloid formed at pH 4.4. [17] For example, the cross-peaks for 173-
V30 and 173-A91 spin pairs in the BEF B-structure (left in Figure 4a and 4b) were observed
in the 2D PDSD spectra for the amyloid-4. The 2D PDSD experiments with additional
labeling schemes in CB B-structure also showed that the CB B-structure is maintained in the
amyloid-4 on the basis of the cross-peaks for the H31-S46 (Figure S6) and G47-V30 (left in
Figure 4c) spin pairs in the CB B-structure (Figure 2).

The 2D PDSD spectra for the same labeling schemes were acquired for the amyloid formed
at pH 2.4 and compared to those of the other amyloid state (right in Figure 4 and Figure S6).
The NMR spectra for the I/A and 1/V spin pairs in the BEF B-structure are almost identical
(Figure 4a and 4b), suggesting the presence of the native-like BEF B-structure in the
amyloid-2. The native-like structure is further evidenced by the two cross-peaks for the F95-
Y69 and F33-Y69 spin pairs in the BEF B-structure (Figure 2 and S7). In addition, similar
PDSD spectra for the labeling schemes of CB B-structure (G47-V30 and H31-S46 in Figure
4c and Figure S6, respectively) were observed for both amyloid states. The extensive 2D
solid-state NMR experiments reveal that both TTR amyloid states contain native-like CBEF
B-structures. On the other hand, the DAGH B-structure is maintained in the amyloid-4, while
only AGH B-structure is preserved in the amyloid-2.

3.3. The effect of the pathogenic mutations on aggregation kinetics.

A variety of pathogenic mutations are known to destabilize native TTR tetramers, facilitating
dissociation to monomers, which is the rate-limiting step in TTR amyloid formation process.
Aggregation kinetics of WT and two mutant forms of TTR (V30M and L55P) was
monitored and compared at the two acidic conditions of pH 2.4 and 4.4 (Figure 5). Turbidity
was monitored by measuring optical density at 400 nm for the aggregation kinetics at pH 4.4
(Figure 5a). The kinetics studies showed that the pathogenic mutant TTR aggregates much
faster than WT TTR. Aggregation properties of the WT and mutant TTRs were also
examined at the more acidic pH value of 2.4 (Figure S8 and 5b). Dynamic light scattering
was used to probe aggregation kinetics since TTR forms transparent gel-like aggregates at
pH 2.4, rather than white precipitates formed at pH 4.4. Interestingly, WT and mutant forms
of TTR exhibit similar aggregation behaviors at pH 2.4, suggesting that the pathogenic
mutations do not affect the aggregation property of TTR at the more acidic condition.

4. Discussion

Acid-denaturation is required to induce local and/or global unfolding of TTR to aggregation-
prone monomeric intermediate states. Various acidic conditions (pH 2 — 5) have, therefore,
been used to investigate molecular mechanism of TTR misfolding and amyloid formation.
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Initial biophysical studies showed that amyloids derived by a variety of polypeptides shares
common structural features, suggesting the presence of similar misfolding mechanisms.
However, recent high-resolution structural studies suggested that amyloids formed by even a
single protein can adopt diverse molecular structures depending on experimental conditions,
[27-33] implying that TTR may have multiple misfolding pathways depending on the pH
values.

Previous biochemical studies of TTR aggregation showed that mildly acidic pH of 4 -5 are
the optimum conditions to promote TTR misfolding and amyloid formation. [7] Further
acidification (below pH 3) significantly slowed down the aggregation Kinetics and no visible
precipitates were observed at the same incubation conditions (protein concentration and
temperature).[4] Thus mechanistic studies of TTR amyloid formation have been
predominantly carried out under the mildly acidic conditions of pH 4 — 5 based on the
hypothesis that TTR may be exposed to acidic environments such as lysosomes /in vivo.
Recently, more acidic pH of 2 — 3 has been used to induce TTR unfolding and subsequent
amyloid formation for the mechanistic studies of TTR aggregation. In this study, we
investigated TTR misfolding and aggregation pathways under the two acidic conditions to
explore whether TTR aggregates via distinct misfolding pathways or similar pathways with
common misfolding intermediates.

It was previously shown that TTR forms moderately ordered amyloid through native-like
misfolding intermediate states with CBEF and DAGH p-structures at pH 4.4. [17] Our
current solution and solid-state NMR studies suggested a structural change in the DA -
structure under the more acidic condition of pH 2.4, which might lead to distinct amyloid
with different molecular conformations. In addition, effect of the pathogenic mutations on
the TTR aggregation kinetics is markedly different under the different acidic conditions. A
majority of the pathogenic mutations were shown to destabilize the native tetrameric TTR
structure, facilitating dissociation of the tetramer to monomers that is the rate-limiting step
in the TTR amyloid formation process. [5,34,35] It was demonstrated that V30M and L55P
TTR tetramers exhibit less thermodynamic stabilities than WT tetramer. The L55P mutant
tetramer was also shown to dissociate into monomers much faster than V30M and WT TTR.
The thermodynamic and Kinetic stabilities of WT and mutant TTRs are well correlated with
the aggregation Kinetics measured at pH 4.4 (Figure 5a). On the contrary, the pathogenic
TTR variants (V30M and L55P) exhibit similar aggregation behavior at pH 2.4. Previous
biophysical studies showed that the two single-point mutations selectively affect the DA -
structure, accelerating misfolding and aggregation. [36—-38] Under the more acidic condition
of pH 2.4, the TTR misfolding intermediate state is largely unfolded (Figure 1), and the DA
B-structure is already disrupted even in the WT TTR, as shown in Figure 3b. Thus the effect
of the pathogenic mutations on structural changes might be negligible at pH 2.4, leading to
the similar aggregation kinetics (Figure 5b).

It is also interesting to note that the amyloid state of TTR formed at pH 2.4 contains
extensive native-like p-structures (CBEF and AGH p-sheet), although monomeric
intermediate states are largely unfolded at the acidic condition, as shown by NMR and CD
spectra (Figure 1 and Figure S1). These results indicate that only partially unfolded TTR
conformers in the dynamic conformational ensemble of unfolded states can form amyloid.
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Finally, the reduced aggregation kinetics at pH 2.4 might originate from the larger entropic
penalty for the conformational transition from more dynamic misfolding intermediates to p-
structured aggregates at pH 2.4, compared to that from more structured intermediates to
amyloid at pH 4.4.

5. Conclusion

We investigated distinct misfolding pathways of transthyretin (TTR) under different
aggregation conditions, which have been used for previous biochemical studies of TTR
misfolding and aggregation. Our combined solution and solid-state NMR studies revealed
that TTR amyloid formation can proceed via at least two distinct misfolding pathways
depending on the aggregation conditions. In addition, we showed that the effect of the
pathogenic mutations on aggregation kinetics is also markedly different under the two
different conditions. The experimental results provided useful information as to the suitable
aggregation condition for TTR misfolding and amyloid formation. Our experimental data
suggested that mildly acidic conditions (pH 4.4) are physiologically more relevant for TTR
misfolding studies than more acidic conditions (pH 2.4), which would be of great use for
future mechanistic studies of TTR misfolding and aggregation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Transthyretin can aggregate via two distinct misfolding pathways, leading to
distinct amyloid structures.

. Under mildly acidic conditions (pH 4.4), TTR quickly forms moderately
ordered amyloid and pathogenic mutations (L55P and VV30M) accelerate
aggregation.

. At a more acidic condition of pH 2.4, TTR becomes more unfolded and
slowly forms a different type of amyloid, and the pathogenic mutations do not
affect TTR aggregation propensity.
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A schematic diagram for the two distinct misfolding and amyloid formation pathways of
TTR at the two different acidic conditions (pH 2.4 and 4.4) along with 2D 1H/X°N HSQC
NMR spectra and TEM images. A very low protein concentration of 0.15 mg/ml was used
for the 2D 1H/Y5N HSQC NMR experiments to ensure TTR exist as monomeric forms. The
TEM images were obtained from the TTR samples (0.2 mg/ml and 10 mg/ml) incubated for
1 day and one month at pH 4.4 and 2.4, respectively. The different protein concentrations
and incubation times were used because of the different aggregation kinetics. At pH 2.4, a
much higher protein concentration was required to obtain amyloid precipitates due to the
much slower aggregation kinetics than those at pH 4.4.
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Figure 2.

Selective labeling schemes for the solid-state NMR experiments. The 13CO (green) and
13Ca (red) carbons of the amino acids are labeled if the internuclear distance in the native

TTR tetramer is between 4 and 6 A.
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Figure 3.

(a) Overlaid 2D PDSD spectra of the amyloid-4 with 13CO-Leu/13Ca-Met (red; labeled on
DA), and 13CO-Leu/t3Ca-Tyr (black; labeled on AGH) TTR. (b) Overlaid 2D PDSD spectra

of the amyloid-2 with the same labeling schemes in a. (c) 2D PDSD spectrum of the

amyloid-2 with 13CO-Val/13Ca-Tyr labeled on GH strands. The 1D slice in Figure 3a and 3b
was drawn for the L/M spin pairs. The NMR spectra were obtained with a mixing time of
500 ms at a 1H frequency of 830 MHz. The L/Y and L/M spin pairs in the amyloid-4 state
were unambiguously assigned in our previous solid-state NMR studies. [17] In order to
confirm that the cross-peaks originate from the spin pairs within the TTR monomer, the 2D
PDSD experiments were conducted on the mixture of singly 13CO- and 13Ca.- labeled TTRs
(1:1 ratio, for example a mixture of 13CO-Leu-TTR and 13Ca-Tyr-TTR) and no cross-peak
was observed from the mixture. * denotes spinning sidebands.
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Figure 4.

2D PDSD spectra of the two amyloid states for the labeling schemes shown in Figure 2. (a)

13CO-Ile/13Ca-Ala for the EF strands. (b) 13CO-Ile/*3Ca-Val for the BE strands. (c) 13CO-
Gly/*3Ca-Val for the CB strands. The spin pairs in the amyloid-4 state were unambiguously
assigned in our previous solid-state NMR studies. [17]
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Figure 5.
Aggregation kinetics of the WT and mutant forms of TTR measured at pH 4.4 (a) and 2.4

(b). Optical density at 400 nm was monitored at pH 4.4, and dynamic light scattering was
used to probe aggregation at pH 2.4. The scattering intensity at 100 ps in the scattering
profile shown in Figure S8 was plotted and compared for the WT and mutant forms of TTR.
Errors in the experimental measurements were mostly smaller than the size of the markers.
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