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Abstract: The formation of partially unfolded intermediates
through conformational excursions out of the native state is the
starting point of many diseases involving protein aggregation.
Therapeutic strategies often aim to stabilize the native structure
and prevent the formation of intermediates that are also
cytotoxic in vivo. However, their transient nature and low
population makes it difficult to characterize these intermedi-
ates. We have probed the backbone dynamics of transthyretin
(TTR) over an extended timescale by using NMR spectroscopy
and MD simulations. The location and extent of these motions
indicates that the backbone flexibility of TTR is a cause of
dissociation and destabilization, both of which are responsible
for fibril formation. Importantly, approximately 10 % of wild-
type TTR exists in an intermediate state, which increased to up
to 28 % for pathogenic TTR mutants, for which the formation
of the intermediate state is shown to be energetically more
favorable compared to the wild type. This result suggests an
important role for the intermediates in TTR amyloidosis.

The conversion of native proteins into amyloid fibrils is the
hallmark of a large number of protein aggregation diseases. It
has been shown that this conversion is mediated by transient
intermediates, the formation of which is facilitated by
conformational excursions out of the native state.'! In
addition to being precursors to mature fibrils, these inter-
mediates are increasingly believed to be primarily responsible
for cytotoxicity.”) In general, intermediate states of proteins
are known to mediate various biologically important pro-
cesses,’! thus making it crucial to understand them at
a molecular level. Given their transient nature and low
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population, these intermediates are difficult to characterize
by most biophysical methods. In this work, we probed the
backbone dynamics of wild-type transthyretin (WTTR) along
with its clinically important mutants (L55P, V30M, V1221 and
T119M) and quantified their intermediate states to show
a direct correlation between the formation of non-native
intermediates and pathogenicity.

WTTR has been implicated in senile systemic amyloidosis
owing to its deposition as amyloid fibrils in the heart, which
causes cardiomyopathy. A large number of mutant forms of
TTR (MTTRs) are responsible for leptomeningeal, cardiac,
and neuropathic forms of familial amyloidosis.*! The trans-
formation of soluble TTR into amyloid fibrils is believed to
follow a downhill polymerization mechanism, in which TTR
dissociation exposes partially unfolded monomers that can
aggregate into amyloid fibrils (Figure 1). More significantly,
non-native conformers of TTR have been shown to be
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Figure 1. A free-energy landscape depicting the prominent conforma-
tional states of TTR. Arrows between energy wells denote conforma-
tional excursions of TTR from one state to another.

cytotoxic in vivo,”! which makes them biologically important
targets for investigation. The crystal structures for a large
number of stabilizing and destabilizing mutants have been
solved over the years and found to be strikingly similar to that
of WTTR," thus suggesting that gross structural differences
cannot explain the wide phenotypic variations between
MTTRs. Although protein dynamics have been shown to be
key to the misfolding of many proteins,!! this has not been
explicitly studied before with the TTR tetramer and its
mutants on a residue-specific basis.

5N relaxation rates (R, and R,) and NOE are shaped by
fast motions on the picosecond—-nanosecond timescale. Fitting
relaxation rates!”’ to various motional models®™ enables the
estimation of rotational diffusion tensor and order parame-
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ters (S°) that are quantitative reporters of protein dynamics.”’
For WTTR at pH 5.75, the relaxation data (Table S1 in the
Supporting Information) could be best fit to an axially
symmetric diffusion tensor (D, ~1.1) with rotational corre-
lation time (7,2 21.5 ns) consistent with a tetramer at 40°C
(Tables S2 and S11). The average S* for all residues was
approximately 0.86, thus indicating that the WTTR backbone
is fairly rigid. However, the variation in $? with protein
sequence shows that most of the conformational flexibility
was restricted to three regions (Figure 2 A, red dashed lines)
encompassing residues A37-W41, G57-T60, and S100-G101
which primarily include solvent-exposed residues. Not sur-
prisingly, residues within the (3-sheets appear comparatively
rigid with little sign of flexibility on picosecond—nanosecond
timescale (Figure 2 B-D).
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Figure 2. A) A plot of backbone N S values against WTTR sequence
(from Table S2). The wire diagram depicts the secondary structure as
shown in Figure ST in the Supporting Information. B) S* values are
mapped on the crystal structure (dimer) with the most rigid and most
dynamic residues depicted in blue and red, respectively. C, D) Tetra-
mers are assembled from the dimer (B). Residues where S? could not
be obtained, including unassigned resonances, are shown in gray.

In addition to these fast motions, WTTR (pH 5.75) could
exhibit slower dynamics in the microsecond-millisecond
region (Figure 3A). This was verified by using relaxation
dispersion NMR on backbone N spins.'” R, values were
extracted from dispersion trajectories (Figure 3B and Fig-
ure S3 in the Supporting Information) and the residue-
specific plot of R, shows that WTTR undergoes slow
conformational fluctuations at two regions encompassing
L12-S23 and R103-N124, although minor conformational
flexibility is also present in the L55-H56 and F87-V93 regions
(Figure 3C). R, values mapped onto the crystal structure'!!
of WTTR (Figure 3C,D) show that higher conformational
flexibility is almost exclusively located in the AGH f sheet,
which forms the hydrophobic core of the tetramer. WT'TR is
overwhelmingly (>95%) tetrameric at submicromolar (ca.
0.72 um) concentrations,'?! thus suggesting negligible dissoci-
ation at the concentrations (ca. mm) used for NMR studies. In
the absence of dissociation, high R, values for contiguous
residues in the  sheet could be attributed to a conformational
exchange of each undissociated monomer from the native
state (N) to a non-native intermediate state (I). A significant
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Figure 3. A) An energy diagram showing the conformational states of
TTR. The bold and dashed wells denote the observable and invisible
states of TTR, respectively. B) Representation of a plot of R, . against
Vepmer depicting the R, value for a typical residue. Plots of the R,,
values from "°N relaxation dispersion experiments on WTTR (C),""
V1221 (E),"™ v30M (F),' L55P (G),"™ and T119M (H)'"® TTR are
shown for 14.1 T (solid circles) and 18.78 T (empty circles) magnetic
fields (see Table S12). R,, values from the 14.1 T field were mapped
onto the dimer of the respective crystal structures, with rigid residues
shown in blue (R~ 0 Hz) and dynamic ones in red (R, > 30 Hz). The
wire diagram (C) depicts secondary structure as shown in Figure S1.
D) WTTR tetramers formed from the dimer (C) are shown. Residues
for which R, could not be obtained are shown in gray.
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lowering of TTR concentration would enable the dissociation
of these non-native monomers and allow their rearrangement
to form fibrils. It is also important to note that § strand H and
residues in the AB and GH loops are involved in dimer and
tetramer formation, respectively, thus suggesting that exten-
sive conformational flexibility in these regions could be
responsible for TTR dissociation under physiological con-
centrations.

The dynamic residues in WITR were best fit to a 2-state
exchange model to obtain the exchange rate (k. =382+
7 Hz), population of the intermediate (P;=9.6+0.1%), and
free energy difference between the conformers (AGy_,;=
1.3940.02 kcalmol !, Table 1). To verify that the formation

Table 1: Summary of the kinetic and thermodynamic parameters of TTR
proteins.?

TTR variant k., [Hz]® P, [%] ki[Hz]  AG*H AG,_ M
[kcalmol™]  [kcalmol™]
WTTR 382+7  9.6+0.1 37+1 16.1+0.01 1.39+0.02
V30ME! 421411 279451 118+31 153+0.16 0.5940.17
L55pP 585+8 16.2+0.5 95+4 15.46+0.03 1.02+0.03
T119M 618+10 11.9+02 74+2 15.624+0.02 1.24+0.02

[a] Dynamic parameters could not be extracted owing to excessive line
broadening with V122I TTR. [b] Exchange rate (k.,) =forward rate

(ke) + backward rate (k). [c] AG™ is the activation energy for native state
(N) as in Figure 3A. [d] The free-energy difference between the native
and intermediate (1) states, AGy_,=G,—Gy. [e] Experiments were
performed at pH 7.

of the non-native state is linked to fibril-forming propensity,
we probed the backbone dynamics of clinically important
MTTRs. The results of fast-timescale dynamics in MTTRs are
essentially similar to those for WTTR, with minor differences
in the flexibility of the DE loop region (Tables S3-S8,S11 and
Figure S2B-D). However, the MTTRs displayed varied
extents of motion on the millisecond timescale, even though
the dynamic regions were similar (Figure 3E-G). V30M and
L55P TTRs were not stable at pH 5.75, but at pH 7 they
showed an appreciably higher population of intermediates (P;
~27.9 and 16.2 %), faster kinetics of conversion (k;~ 118 and
95 Hz), and a lower free-energy difference (AGy_,;~0.59 and
1.02 kcalmol ') with respect to WTTR at pH 5.75 (Table 1).
These results suggest that pathogenic MTTRs at pH 7 form
more intermediates than WTTR at pH 5.75.

T119M is a stabilizing mutation that can prevent V30M
TTR from aggregating in vivo by stabilizing tetramer-forming
contacts.'? However, it is not known whether T119M TTR is
conformationally flexible and forms fibrils readily upon
dissociation. NMR studies with T119M TTR show it to be
appreciably dynamic although its k; and P; values are much
lower than those of the pathogenic mutants (Table 1). The
presence of conformational flexibility is not surprising per se
and indicates that T119M TTR could form fibrils as long as
the tetramers are sufficiently dissociated. We found that
WTTR forms high-quality fibrils at pH 5.2 or less but T119M
TTR fibrils are formed at pH3.6 (and not at pHS5.2;
Figure S8).
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The EF loop-helix region,' along with  strands C and
D, is believed to play a crucial role in TTR destabiliza-
tion. However, S* values could not be obtained for many
residues in these regions. '"H/°H exchange studies with soluble
TTR™ and EPR studies on fibrils® have suggested the
destabilization of the CBEF f} sheet (see Figure S1) to be
important for the aggregation of TTR; the authors of the
latter study added that their observations could also be
explained by a destabilization of the DAGH sheet. Our
experiments showed significant mobility of the DAGH sheet
but only intermittent motion in the CBEF sheet, similar to
that observed for monomeric mutants of TTR.”'! Recent
solid-state NMR data on WTTR fibrils, however, suggest
a more significant rearrangement of native structure than
previously thought, with strands D, G, and H forming the
amyloid core.”” To gain atomistic insight into the extent of
the conformational flexibility, we performed molecular
dynamics (MD) simulations and found extensive motion in
four regions of all TTR proteins (Figure S10), a result
consistent with our NMR studies on the picosecond-nano-
second timescale. All of the proteins exhibited conforma-
tional flexibility in their C and D f-strand/loop residues,
which increased their distance from the adjacent f} strands B
and A, respectively. We looked at various parameters that
report on the perturbation of the native structures and are
relevant to fibril formation.['”**! These include mean distances
between strands A and D and strands B and C, backbone
RMSD, SASA, and number of protected hydrogen bonds. In
all cases (Table 2), we found that pathogenic V30M and L55P

Table 2: Results of 1 ps all-atom MD simulations on TTR proteins.

TTR Mean Backbone SASA  Mean AGH

variant distance A-D, RMSD [A]®  [nm*? H bonds¥ [kcalmol™]
B-C [A]®

WTTR 9.85 2.40 51.89 359 34+05

V1221 9.41 2.05 52.59 356 -

V30M 10.05 2.59 52.02 352 29+04

L55P 11.51 2.77 53.07 340 25+05

T119M  9.56 2.30 51.56 365 5.8+04

[a] The distances between two strands were calculated from the
distances between their centers of mass. The mean distances between
strands A and D and strands B and C are reported. [b] RMSD =root
mean square deviation of the backbone heavy atoms. [c] SASA=solvent
accessible surface area. [d] The average number of intramolecular
hydrogen bonds (excluding solvent). [e] From a previous report.”

TTRs exhibit more perturbation from ground-state structures
than WTTR or T119M TTR and that the magnitudes of these
perturbations are proportional to reported instabilities of
these variants.*!

In summary, we found that the most prevalent TTR
proteins exist in conformational exchange with a non-native
intermediate, the transient nature of which had prevent their
biophysical characterization. We show that in comparison to
wild-type TTR, the intermediates of disease-causing mutants
have higher populations, lower free energies, and faster
kinetics of conversion from their native states, all of which
facilitate the aggregation of TTR. Our study establishes

www.angewandte.org

12783


http://www.angewandte.org

12784 www.angewandte.org

Angewandte

Communications

a direct correlation between the conformational flexibility of
TTR and its known amyloidogenic propensity, thereby open-
ing the possibility of using protein dynamics as a predictor of
pathogenicity for TTR and possibly in other diseases involv-
ing protein aggregation. Finally, a better understanding of the
aggregation process is also likely to help in the development
of molecules to stabilize TTR structure, neutralize toxic
oligomers, or inhibit fibril formation, as has been possible for
TTR™! and in other systems.[*?”!
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