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Aggregation of transthyretin (TTR) is the causative agent for TTR
cardiomyopathy and polyneuropathy amyloidoses. Aggregation is
initiated by dissociation of the TTR tetramer into a monomeric
intermediate, which self-assembles into amyloid. The coupled
multiple-step equilibria and low-concentration, aggregation-prone
intermediates are challenging to probe using conventional assays.
We report a "°F-NMR assay that leverages a highly sensitive tri-
fluoroacetyl probe at a strategic site that gives distinct "°F chemical
shifts for the TTR tetramer and monomeric intermediate and
enables direct quantification of their populations during the ag-
gregation process. Integration of real-time '>F-NMR and turbidity
measurements as a function of temperature allows kinetic and
mechanistic dissection of the aggregation pathway of both wild-
type and mutant TTR. At physiological temperature, the mono-
meric intermediate formed by wild-type TTR under mildly acidic
conditions rapidly aggregates into species that are invisible to
NMR, leading to loss of the NMR signal at the same rate as the
turbidity increase. Lower temperature accelerates tetramer disso-
ciation and decelerates monomer tetramerization and oligomeri-
zation via reduced hydrophobic interactions associated with
packing of a phenylalanine (F87) into a neighboring protomer.
As a result, the intermediate accumulates to a higher level, and
formation of higher-order aggregates is delayed. Application of
this assay to pathogenic (V30M, L55P, and V122I) and protective
(T119M) mutants revealed significant differences in behavior. A
monomeric intermediate was observed only for V122I: aggrega-
tion of V30M and L55P proceeds without an observable monomeric
intermediate, whereas the protective mutant T119M remains resis-
tant to tetramer dissociation and aggregation.
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berrant protein aggregation is implicated in several devas-

tating human diseases, including Alzheimer’s disease, type
2 diabetes, and transthyretin amyloidosis (ATTR) (1). Driven by
spontaneous self-assembly, amyloidogenic proteins form a variety
of aggregated species, some of which are cytotoxic (2, 3). In ATTR,
amyloid formation is initiated by dissociation of the TTR tetramer
to form an aggregation-prone monomer that self-associates to form
small oligomers, amorphous aggregates, and fibrils (4-6). The ag-
gregation of wild-type (WT) TTR results in senile systemic amy-
loidosis, which affects as much as 25% of the population over age
80 (7). Pathogenic TTR variants with weakened tetramer stabilities
lead to an earlier age of onset in familial amyloid cardiomyopathy
and polyneuropathy (8). The most common pathogenic mutation
associated with ATTR neuropathy is V30M (9), with an estimated
disease onset age between 30 and 60 y (10); L55P is a highly
destabilized tetramer variant conferring a very early onset in the
second decade of life (11); and V122I is involved in ATTR car-
diomyopathy with an onset age of ~60 y (12). Protective mutations
also exist. T119M, for instance, is a dissociation-resistant mutation
that protects compound heterozygotes, even where the other allele
is V30M (13) (see Fig. 1 for the locations of these mutation sites).
Extensive insight into the relative tetramer stabilities in TTR vari-
ants at neutral pH has been obtained from urea unfolding experi-
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ments (14, 15). What remains unclear are the quantitative details of
the TTR aggregation pathway at mildly acidic pH, where tetramer
dissociation is enhanced and the tetramer-monomer equilibrium is
kinetically coupled with the downstream aggregation equilibria.
Many questions regarding the fundamentals of these multistep
equilibria are unknown: How many intermediates can be kinetically
resolved? What are the rates and equilibrium constants and how do
they vary with temperature? How do pathogenic mutations affect
these coupled processes and their temperature dependences? An-
swering these questions requires simultaneous kinetic monitoring of
tetramers, intermediates and aggregates in real time.

A wide range of biophysical techniques have been applied to
study protein aggregation kinetics in vitro (2). The self-assembly
of aggregates can be followed by aggregation-sensitive optical
signals, morphologic changes, or alterations in secondary struc-
ture. Thioflavin T fluorescence and turbidity are perhaps the
most commonly used techniques for characterizing the kinetics
of aggregated products. However, neither is able to directly de-
tect amyloidogenic intermediates that have optical readout that
is indistinguishable from that of mature fibrils. As a result, most
theoretical modeling has focused on fibrillar formation kinetics
(16, 17). It remains a major challenge to directly visualize and
accurately quantitate the aggregation intermediates, whose
concentrations are typically low [hundreds of nM estimated for
TTR (18), for example] and whose populations are highly het-
erogeneous and constantly exchanging with protein reactants
and aggregates.

Significance

Aggregation of amyloidogenic proteins is implicated in a
number of debilitating human diseases. A mechanistic un-
derstanding of their aggregation behavior requires a quanti-
tative description of the multistep equilibria involved in the
self-assembly processes. Here we report the application of an
integrative aggregation assay combining ">F-NMR and turbid-
ity measurements to reveal the kinetics and energetics of the
human transthyretin aggregation pathway. A highly sensitive
trifluoroacetyl probe enables direct observation and quantifi-
cation of a weakly populated aggregation intermediate and
reveals the importance of hydrophobic interactions for self-
association. Extension of these studies to common patho-
genic variants that are associated with early onset familial
disease provides insights into the effect of the mutations on
the kinetics and energetics of transthyretin aggregation.
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Fig. 1. The TTRF tetramer showing the BTFA labels at $85C and the muta-
tion sites. (A) Modeled TTRF tetramer is based on PDB 1BMZ (51), where
BTFA is conjugated at S85C with Cys side chain atoms shown in gray spheres
and the three fluorine atoms highlighted in magenta. The four protomers
are colored individually. Ca locations of pathogenic (V30M, L55P, and V122I)
and protective (T119M) mutations are shown in cyan spheres for the yellow
protomer. The Ca of F87 from the pink protomer is drawn as a red sphere. (B)
Expanded view of the dashed region in A. The side chain heavy atoms of
V30, L55, T119, and V122 from the yellow protomer are shown as cyan
spheres, and the side chain heavy atoms of F87 from the pink protomer are
shown as red spheres. The chemical structure of BTFA conjugated to the
thiol in the Cys side chain is shown at the bottom right.

Real-time F-NMR has the potential to detect aggregation
intermediates at low concentrations and distinguish them from
higher-order aggregates (19, 20). Here we have used '"F-NMR
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to follow time-dependent amyloid formation by human TTR,
labeled by reaction of 3-bromo-1,1,1-trifluoroacetone, BTFA
(Fig. 1) with a reactive cysteine side chain, to form a highly
sensitive trifluoroacetyl probe at a site adjacent to the TTR
subunit interface. The covalently attached probe enables simulta-
neous quantification of the time-dependent changes in population
of the NMR-visible TTR tetramer, monomeric intermediate, and
small oligomers during the aggregation process. Integration of the
NMR with turbidity measurements allowed the monitoring of
NMR-invisible aggregates. A two-step reversible kinetic scheme
constructed on the basis of these data models TTR aggregation and
provides quantitative temperature-dependent energetic insight into
the multiple-step TTR aggregation pathway.

Results

Design of a BTFA-Tagged TTR Variant for Aggregation Studies. An
ideal site for placement of a BTFA-reactive Cys would display
distinct '°F chemical shifts for tetramer and monomeric in-
termediate TTR. Serine 85 was chosen because it is not a known
pathogenic site (9), is not conserved in transthyretin-related
proteins (21), and is surface exposed to facilitate reaction with
BTFA. S85 is close to but not directly involved in the subunit
interface (Fig. 14) and is therefore expected to give rise to
oligomerization-dependent '°F chemical shifts, as verified by
E-NMR (Fig. 24). To avoid undesired labeling of the native
C10 residue, the S85C mutation was introduced into a C10S
background. The N-filtered diffusion-ordered NMR spectros-
copy (DOSY) shows that these mutations do not alter the
translational diffusion coefficient compared with that of WT
TTR (Materials and Methodsg and hence do not alter the oligo-
merization state. The 'H-'°N heteronuclear single quantum
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Fig. 2. Monitoring aggregation kinetics of TTR" at pH 4.4 by integrating ">F-NMR and turbidity measurements. (A) Contour plot of time-dependent "F-NMR
spectra of TTR™ at 298 K with a time resolution of 1 h. Relative intensity from high to low is colored from red to blue. A representative one-dimensional '°F-
NMR spectrum recorded from the 9th to 10th hour is shown below with tetramer (T) and intermediate (I) peaks labeled. The '°F-NMR peak areas (left black
axis) and optical density at 330 nm (OD330, right orange axis) plotted as a function of aggregation time at (B) 298 K, (C) 310 K, and (D) 277 K. The peak area
data points are colored blue for tetramer (T) and red for intermediate (l). Green points represent the missing signal amplitude for the ensemble of aggregates
(A), derived by subtracting the sum of (T + I) from 1. The maximal ODs3 (see S/ Appendix, Fig. S8B, for a full range of time points) is normalized to the
maximum of the A signal for convenience of comparison. The black lines show the fits of the NMR kinetic data based on Scheme 1. The rate of formation of
higher order aggregates at 310 K was approximated by fitting the normalized ODs3, data to a single exponential function (orange line). The orange con-
necting lines in OD330 at 298 and 277 K are for eye guidance. Error bars in OD data represent 1 SD from three independent measurements in C but are not
shown in B and D because they are smaller than the size of data markers.
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coherence (HSQC) spectra show that the chemical shift pertur-
bations in C10S-S85C relative to WT TTR are small and local-
ized to residues near residue 10 (S Appendix, Fig. S1 A, C, and
D). Reaction of C10S-S85C with BTFA is stoichiometric, as
confirmed by electrospray ionization mass spectrometry, and the
presence of the BTFA label causes only very small backbone
amide chemical shift changes (<0.1 ppm) in the immediate
proximity of S85 (SI Appendix, Fig. S1B). No '°F resonance could
be observed for a C10S negative control (SI Appendix, Fig. S24),
showing that the BTFA labeling is site-specific to S85C. The
kinetic traces of acid-mediated aggregation of WT TTR and
C10S-S85C-BTFA-TTR are nearly indistinguishable (SI Appendix,
Fig. S2 B-D). Collectively, these control experiments firmly es-
tablish that C10S-SS5C-BTFA TTR (abbreviated as TTR" here-
after) is suitable for '’F-NMR aggregation studies.

Kinetics of TTR Aggregation Monitored by '>F-NMR. The aggregation
of TTR" at a monomer concentration of 10 uM, within the
physiological concentration range of 7-21 pM in plasma (22), was
followed by real-time '"F-NMR. Aggregation was initiated by
lowering the pH from 7.0 to 4.4, the pH at which WT TTR fibril
formation rate is maximal (5). At 298 K, the tetramer resonance
at —84.19 ppm decays over time, and a new "~ F resonance appears
0.28 ppm upfield at —84.47 ppm (Fig. 24). The translational dif-
fusion coefficient of the species giving rise to this new resonance,
measured in a "’F-DOSY experiment, is 1.55 times larger than
that of tetrameric TTR (SI Appendix, Fig. S2E). This is in good
agreement with the ratio (1.53) predicted for monomeric and
tetrameric TTR (Egs. 1 and 2), indicating that the upfield reso-
nance arises from a monomeric TTR species.

The normalized peak area for this new resonance rapidly
builds to a maximum of 15% over 6 h and then slowly decays,
showing that it is a kinetic intermediate in the aggregation pro-
cess (red points in Fig. 2B). The decay of the tetramer peak is
biphasic with an ~75% slow component (blue points in Fig. 2B),
hinting at a kinetic process involving at least two steps and three
species (23). At pH 7.0, the area of the '°F peak of the tetramer
does not change over 66 h (SI Appendix, Fig. S2F), showing that
aggregation does not occur under these conditions. At pH 4.4,

however, the peak areas for both tetramer and monomer de-
crease over this time period, and there is an overall loss of the
"YF.NMR signal (missing amplitude, green points in Fig. 2B),
which is attributed to formation of an ensemble of aggregated
species that tumble too slowly to be detected by NMR.

Taken together, these lines of evidence led us to model TTRF
aggregation by the following two-step reversible kinetic scheme
as a maximum parsimony model:

A

Scheme 1.

where T stands for tetramer, I stands for intermediate, and A
stands for an ensemble of aggregated species, which accounts for
the missing NMR signal so that the total TTR mass is conserved.
This model is based on four kinetic rates: the tetramer dissoci-
ation rate k;, monomer tetramerization rate k_;, forward oligo-
merization rate k,, and reverse oligomerization rate k_, (see S/
Appendix, SI Text, for full modeling details). The TTR" aggre-
gation data at 298 K are fitted well by the model (solid black
lines in Fig. 2B; see Table 1 for statistics).

Temperature Dependence of Aggregation Kinetics of TTR". TTR ag-
gregation is favored by elevated temperature (5). To probe the
temperature dependence of kinetic rates in these coupled dissoci-
ation-aggregation equilibria at pH 4.4, we monitored TTRY ag-
gregation at additional temperatures of 310 and 277 K (SI Appendix,
Figs. S34 and S44). The tetramer dissociation rate (k) is faster at
low temperature (Table 1) and is correlated (ST Appendix, Fig. S5A4)
with the subunit exchange rates measured at pH 7.4 or 7.6 under
nonaggregating conditions (24, 25). However, at each temperature,
ki at pH 4.4 is consistently threefold to fourfold faster than the
subunit exchange rate at pH 7.4 or 7.6, consistent with the role of
acid in facilitating tetramer dissociation (4, 8). Temperature also
alters the relative amplitudes of the two processes that contribute to
the biphasic tetramer '’F resonance decay (Fig. 2 C and D). The
slow component dominates at 310 K (96%), whereas its relative
amplitude diminishes to 22% at 277 K (Table 1 and SI Appendix,

Table 1. Aggregation kinetics for 10 pM TTR mutants by 'F-NMR at three temperatures and pH 4.4

Construct Temperature ki (h™)* k_q (h™hy* k> (h™)* k_y (h™hy* 11" (h™)* y2' (h™)* RMSE*
TTRF 310 K 0.10 + 0.01 0.75+0.12  0.73+0.03  0.03 + 0.01 1.54 + 0.11 (4%) 0.06 + 0.01 (96%) 0.011
TTRF 298 K 0.13+0.02 063 +0.10 0.06 + 0.01 0.01 + 0.01 0.81 + 0.12 25%)  0.02 + 0.01 (75%) 0.013
TTR" 277 K8 0.35 + 0.01 0.15 + 0.01 0.03 + 0.01 0.02 + 0.01 0.51 + 0.01 (78%)  0.04 + 0.01 (22%) 0.014
v3omF 310 K7 ksiow = 0.06 + 0.01 (100%) 0.015
v3omF 298 KT Keiow = 0.07 + 0.01 (100%) 0.014
Vv3oMF 277 KV Kfast = 0.69 + 0.08 (77%) and kyow = 0.09 + 0.01 (23%) 0.009
F87AF 310 K 160 +0.16  0.18 + 0.04  0.56 + 0.01 0.09 + 0.01 1.87 + 0.20 (81%)  0.57 + 0.02 (19%) 0.038
F87AF 298 K 0.46 + 0.02  0.04 + 0.01 0.06 + 0.01 0.03 + 0.01 0.51 + 0.03 (92%)  0.08 + 0.01 (8%) 0.022
F87AF 277 K 0.50 + 0.02  0.02 + 0.01 0.03 + 0.01 0.09 + 0.01 0.53 + 0.02 (98%)  0.11 + 0.01 2%) 0.020
L55pP" 310 KT Kast = 0.31 + 0.05 (41%) and kyow = 0.04 + 0.01 (59%) 0.010
L55pP" 298 K1 Kfast = 0.39 + 0.02 (64%) and kyow = 0.07 + 0.01 (36%) 0.008
L55P" 277 K* 386 +060 1.06 +0.17  0.05 + 0.01 0.03 + 0.01 4.94 + 0.77 (86%)  0.07 + 0.01 (14%) 0.020
v122fF 310 K 0.86+0.14 1.86+040 095+0.04 0.07 + 0.01 3.45 + 0.52 (22%)  0.30 + 0.01 (78%) 0.020
vi122fF 298 K 0.90 + 0.05 043 +0.03 0.15 + 0.01 0.04 + 0.01 1.38 + 0.07 (68%)  0.13 + 0.01 (32%) 0.018
vi122fF 277 K8 0.97 + 0.1 0.09 + 0.01 0.02 + 0.01 0.07 + 0.01 1.06 + 0.12 (98%)  0.09 + 0.01 (2%) 0.015

For mutants with observable intermediates, four fitted rates (kq, k_1, k», and k_;) and two relaxation rates (y, and y,) in Scheme 1 (T k‘——L | k‘——\z A) are reported;
otherwise, single or double exponential fits for the tetramer signals are tabulated. k
*Uncertainties were calculated as 1 SD from 50 bootstrap datasets.

'See SI Appendix, Eq. $3, for the definitions of y, (fast) and y, (slow) relaxation rates. The relative amplitudes are shown in parentheses.
*Root-mean-square error.
SPeak areas of monomeric intermediate and low molecular weight intermediate(s) were combined as the | signal.
TExponential fits (ksase and kyow) for tetramer signal decays with the corresponding amplitudes are shown in parentheses. Due to the absence of observable
aggregation intermediates, only the exponential fits (kast and kqow) are reported, which approximate the relaxation rates of y; and y,, respectively.

#Peak areas of broad peaks of low molecular weight intermediate(s) were combined as the I signal.
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Fig. S64). The decreased amplitude of the slowly decaying com-
ponent at 277 K is largely due to the 24- and 5-fold reduction in the
forward oligomerization rate k, and monomer tetramerization rate
k_y, respectively, compared with 310 K (Table 1).

The steady-state population of the aggregation intermediate
(Istcaay) at each temperature was calculated using SI Appendix,
Eq. S6. Compared with its population at 298 K (8%), Iscady iS
decreased at 310 K (3%), whereas it is greatly enhanced (33%)
at 277 K (Fig. 2 C and D). These phenomenological outcomes
are again rooted in temperature-dependent changes in the ki-
netics: the rates of both processes that consume the intermediate
(k2 and k_y) decline markedly from 310 to 277 K, whereas k;
increases, and k_ is little changed (Table 1). The observed Icaay
at 310 K (3% or 300 nM) is comparable to the estimated critical
concentration range (360-870 nM) for aggregation of a designed
monomeric TTR (M-TTR) at pH 4.4 (18) and is consistent with
the population of monomeric intermediate (<5%) determined
by analytical ultracentrifugation (AUC) for WT TTR (6). Ad-
ditionally, the time at which the I signal reaches a maximum
(fmax) is delayed from 2.5 h at 310 K to 6.7 h at 277 K (S Ap-
pendix, Fig. S6B) because the increase in k; (by 0.25 h™ from 310 K
to 277 K), which could shorten ¢, is outweighed by the decrease
in k, and k_; (1.3 h™") that lengthens fay.

Integrating "F-NMR and Turbidity Assays Offers Kinetic Insight into
Aggregation. The missing amplitude of the overall YE.NMR
signal increases with time at all three temperatures studied (A
signal; green points in Fig. 2 B-D). To determine whether such
signal loss is indeed linked to the formation of fibrils or amor-
phous aggregates that are sufficiently large to scatter light at
330 nm (ODs3), we compared the kinetics of A signal increase
and the increase in ODj33 (orange points in Fig. 2 B-D) at each
temperature. At 310 K, the normalized A signal and OD33 ki-
netic traces are nearly superimposable. Lowering the tempera-
ture to 298 K leads to a lag period of at least 1 d, during which
the overall °F signal amplitude decreases without a concomitant
increase in OD339. At 277 K, aggregation is further slowed; no
significant increase in ODj33) was seen during the first 3 d, but the
protein eventually aggregated within a period of 2 wk, with a lag
time of approximately 1 wk (SI Appendix, Fig. S2D). These re-
sults indicate that the missing amplitude of the '’F-NMR signal
is correlated with formation of at least two types of particles:
high-molecular weight soluble oligomers that do not effectively
scatter light at 330 nm and insoluble fibrils or amorphous ag-
gregates that do scatter light. At 310 K, the former rapidly
convert into the latter, leading to a time-dependent increase in
OD33 that tracks with the missing NMR signal. This observation
is consistent with the highly efficient downhill self-assembly
pathway of M-TTR at 310 K (18) and with AUC results, which
show that the concentration of large soluble oligomers of WT TTR
is very low at 310 K (6). Cooling to 298 or 277 K, however, sub-
stantially slows down the conversion of soluble oligomers to insolu-
ble forms, so that a lag period appears in ODz3). The relationship
between the increased lag time and a reduction in the forward rate
to convert oligomers into fibrils or other forms of large aggregates is
supported by numerical simulations (SI Appendix, Fig. S7).

Aggregation Kinetics of TTR Mutants. Having established the basis
of this integrated aggregation assay using TTRF, we then applied
the approach to study the temperature-dependent aggregation of
three pathogenic (V30M, L55P, and V122I) and one protective
(T119M) TTR mutant at 310 K (SI Appendix, Fig. S3), 298 K
(Fig. 3 A-D), and 277 K (%91 Appendix, Fig. S4). All mutations
were made within the TTRF framework and are termed V30MF,
L55PF, V1221%, and T119M".

As expected, T119M" is resistant to tetramer dissociation (Fig.
3 D and H and SI Appendix, Figs. S3F and S4F), and no aggregate
is detectable within a period of 60 h, although some aggregation

E6204 | www.pnas.org/cgi/doi/10.1073/pnas.1807024115

occurs over 400 h at 298 and 310 K (SI Appendix, Fig. S8F). The
decays of the tetramer resonances of the three pathogenic mutants
are similar to or more rapid than TTRF (Fig. 3 A-C and SI Ap-
pendix, Figs. S3 C-E and S4 C-E) and are accelerated at low
temperature (Fig. 3 E-G). The tetramer dissociation rates of the
mutants, relative to TTR", measured by YF.NMR at pH 4.4/277 K,
are strongly correlated with the rates measured by tryptophan
fluorescence at pH 7.0/298 K (14) (SI Appendix, Fig. S5B). These
results indicate that the relative kinetic stabilities of these TTR
variants are comparable under these two conditions.

Among the three pathogenic mutants, an a%gregation-prone,
monomeric intermediate was detected for V122I" (Fig. 3C and SI
Appendix, Figs. S3E and S4E) at all three temperatures but not for
V30M" (Fig. 34 and SI Appendix, Figs. S3C and S4C) or L55P"
(Fig. 3B and SI Appendix, Figs. S3D and S4D). At 277 K, broad °F
resonances that are upfield-shifted by ~0.1-0.2 ppm from the
tetramer resonances were observed for V30M" and L55P% (SI
Appendix, Fig. S4 C and D), similar to TTR" (SI Appendix, Fig.
S44). These broad resonances likely arise from soluble low-
molecular weight oligomers that accumulate at low temperature,
where aggregation is slower (SI Appendix, Fig. S8H).

For TTR" and each of the mutants, the rate of '’F-NMR signal
loss is very similar to the rate of aggregation obtained from tur-
bidity measurements at 310 K (SI Appendix, Fig. S5C). The simi-
larity of these rates indicates that any downstream steps following
the formation of NMR-invisible particles are not rate limiting at
310 K. In contrast, lowering of the temperature profoundly de-
celerates the downstream processes and increases the lag between
the loss of ’F-NMR signal and ODj3 (SI Appendix, Fig. S6C).

Role of F87 Hydrophobic Interactions in Temperature-Dependent
Aggregation Rates. The anti-Arrhenius behavior of the cold-
enhanced tetramer dissociation of TTRY (Table 1) and the
previously observed destabilization of WT TTR at low temper-
ature (24) suggest that hydrophobic interactions are important
for stabilizing the tetramer (26). A critical role in stabilizing the
tetramer is played by the side chain of F87, which packs into a
hydrophobic cavity in the neighboring protomer across the
strong dimer interface (Fig. 1B) (27). We therefore created an
F87A mutant within the TTR" framework (F87AF) to investigate
the role of the F87 side chain in temperature-dependent tetra-
mer dissociation and aggregation.

The tetramer dissociation rate (k;) of F87AT at pH 4.4 is
enhanced compared with TTRF. Although k, for F87AF is larger
than that for TTRF at all temperatures, the temperature de-
pendence is reversed such that k; for the mutant TTR becomes
smaller at lower temperatures (Fig. 44). The reversal of the
temperature dependence suggests that the intersubunit hydro-
phobic interactions mediated by the bulky F87 side chain make a
substantial contribution to the anti-Arrhenius behavior of WT
TTR dissociation. As expected, the monomer tetramerization
rate k_; is smaller for F87A" than TTRY (Fig. 4B), again
reflecting the loss of the F87-mediated hydrophobic interac-
tions that favor tetramer formation. The forward and backward
rates (k, and k_,) of the oligomerization step exhibit similar
temperature-dependent trends for TTRF and F87AF. Lowering the
temperature from 310 to 298 K reduces k; by around 10-fold in
both constructs (Fig. 4C). Similar to ki, k_, is consistently
greater for F87A" than TTR" (Fig. 4D), suggesting another role
of F87 in stabilizing the ensemble of aggregated states. A mini-
mum in k_, is observed at 298 K for TTRF and F87AF (also for
V1221, Discussion) indicating a curved temperature-dependent
free energy function such as is associated with transfer of non-
polar solutes to aqueous solvent (28).

V122IF and F87AF Favor Formation of Monomeric Intermediate. The

monomeric intermediate with a '°F signal upfield-shifted by
~0.3 ppm is present in F87A" samples at all three temperatures
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Fig.3. Temperature dependence of aggregation kinetics of pathogenic and protective mutants at pH 4.4. The ">F-NMR contour plots of (A) V30MF, (B) L55PF,
(C)V122IF, and (D) T119MF are shown at 298 K. A representative 9F NMR spectrum recorded from the 9th to 10th hour is shown below each contour plot (see
SI Appendix, Figs. S3 and S4, for contour plots at 310 and 277 K, respectively). The time-dependent changes in the tetramer (T) resonance areas of (E) V30MF,
(F) L55PF, (G) V122IF, and (H) T119MF are plotted at three temperatures. For each plot, the first data point is normalized to 1. Exponential fits are in black solid
lines (see SI Appendix, Fig. S9, for fitting details).

studied (Fig. 54 and SI Appendix, Figs. S3B and S4B). Kinetics  between 310 and 277 K but remain more stable than the in-
analysis shows that Ic,qy is higher for F87AF than for TTRF  termediate over this temperature range. In contrast, the
(Fig. 5B). V1221 also forms a higher steady-state population of  aggregates of F87AT and V122IF are less stable than their in-
intermediate than TTR at all three temperatures (Fig. 5B).  termediates by 0.6-0.7 kcal/mol at 277 K and are less stable than
Accordingly, the tetramer dissociation rate ki is enhanced in  TTRF by 0.2-1 kcal/mol at each temperature studied (Fig. 6).

V122IF relative to TTRF (Table 1), consistent with the destabilized At 310 K, the transition state for the tetramer—intermediate
V1221 tetramer revealed by urea unfolding at pH 7.0 (29, 30). The  reaction (1*) of V122IF is about 0.6 kcal/mol more stable than
apparent equilibrium constant for the tetramer-intermediate equi-  that of TTRY when both are referenced to the intermediate.
libriun% (Kapp,1 = ky/k_y) reveals a clear rapldng with F87AF > Together with a 0.8 kcal/mol destabilization of the ground state
VI122I" > TTR" at all three temperatures (Fig. 5C). The ratio be-  of the V122IF tetramer, this results in a nearly ninefold increase
tween k; and k_, represents the apparent equilibrium constant for i, tetramer dissociation rate, k; relative to TTRY. In contrast, the

the oligomerization step (Kapp,» =Fk2/k72)' In contrast t0 Kapp.1, Kupp2 - transition state of T119M is of higher energy than that of WT
follows the reverse trend, TTR" > VI22I" > F87A", except for TTR, leading to a greatly slowed tetramer dissociation rate at

nearly identical values of Kapp,» for V1221" and F87A™ at 277 K (Fig, neutral pH (31). At lower temperatures, the V122IF 1* transition

5D). Because K,p, is inversely proportional to the steadystate .o io qecrabilized by 0.2-0.3 keal/mol relative to that of TTRF.

concentration of [I], both Ky, and Ky favor the intermediate E . .. .
state in V122IF and FS7AF compared with TTRF. The sign of the Nevertheless, V122I" tetramer dissociation remains faster than

slopes in Fig. 5 C and D indicates that tetramer dissociation is
exothermic, whereas the aggregation process is endothermic.

2 = 1 =

Apparent Free .E.neljgy Diagram for TTR Aggregation..Based on thFe A1 5 K :T:-Q;AF ? 0.8 K, :.I,:g?AF
apparent equilibrium constants and four rates in the TTR", =" L
F87AF, and V1221F aggregation equilibria, we plotted the ap- £ | =
parent energy level diagram for each protein (F!i;g. 6). Both & 5 04
mutations destabilize the TTR tetramer. The V122I" tetrameris T 05 05
destabilized relative to TTRY by 0.8-1.4 kcal/mol between '
310 and 277 K, in good agreement with AAG < 1 kcal/mol es- 0 0
timated previously by an SDS separation assay at 298 K (30). The Cos S10K 208K 2m7K D o1 S10K 298K 277K
tetramer of F87AF is further destabilized relative to V122I" by k. mm TTRF k. mm TTR"
0.4-1.8 kcal/mol between 310 and 277 K. —~06 m Fa7A” =008 = Fa7A

Decreasing temperature destabilizes the tetramer relative to £ £ 006
the intermediate. Thus, the TTRF tetramer is 1.2 and 0.9 keal/mol £ 04 g oo
more stable than the monomeric intermediate at 310 and 298 K, © -

. . . - 0.2

respectively, but is 0.5 kcal/mol less stable than the intermediate at 0.02
277 K. For V122IF, the tetramer is less stable than the intermediate 0
at temperatures of 298 K and lower, whereas the F87AF tetramer is 310K 298K 277K 310K 298K 277K
1.3-1.7 keal/mol less stable than the intermediate at all three Fig. 4. Comparison of kinetic parameters for TTRF and F87AF. (A) Tetramer
temperatures. dissociation rate k;. (B) Monomer tetramerization rate k_;. (C) Forward

The ensemble of aggregated states is also destabilized at lower  oligomerization rate k,. (D) Reverse oligomerization rate k_,. Uncertainty
temperatures. The TTR™ aggregates are destabilized by 1.8 kcal/mol ~ was estimated as 1 SD from 50 bootstrap datasets.
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Fig.5. Comparison of the populations of the intermediates formed by TTRF,
V122IF, and F87AF at pH 4.4. (A) Time-dependent 'F-NMR contour plot of
F87A at 298 K. A representative spectrum recorded from the 9th to 10th hour
is shown below. Compared with TTRF (Fig. 24) and V122IF (Fig. 3C), the in-
termediate population predominates over tetramer during this time period.
(B) The relative population of the intermediate at steady state (/steaqy) for TTR"
(black), V122IF (cyan), and F87AF (red). van't Hoff plot for (C) the apparent
tetramer-intermediate equilibrium constant (Kapp,1 = [II/[T]) and (D) the ap-
parent intermediate-aggregate equilibrium constant (K, > = [Al/[I]) for TTRF,
V122IF, and F87AF. In C and D, black lines are linear fits to the van't Hoff
equation, and dashed lines denote zero. Uncertainties in B-D were estimated
as 1 SD from 50 bootstrap datasets. Some uncertainties in B and D are com-
parable to or smaller than the size of data marker.

TTR" because of the 0.8-1.4 kcal/mol destabilization of the
V122I" tetramer. Similar results were found for F87AF. Because
the relative changes in k, across mutations are generally small
(onefold to twofold) at each temperature, the energetic variations
for the transition states in the intermediate—aggregate reaction
(2*) are relatively minor (0.3-0.6 kcal/mol) when referenced to the
intermediate (Fig. 6).

Discussion

In the current model of the TTR aggregation pathway, the tet-
ramer must dissociate to form monomer before the downstream
aggregation events (5, 8, 32). The kinetic details of the coupled
dissociation—aggregation equilibria have remained unknown due
to the lack of suitable methods to monitor the formation and
consumption of the aggregation-prone intermediates. We have
addressed this problem by introducing a highly sensitive PR
NMR probe that simultaneously reports on the populations of
both the TTR tetramer, the monomeric intermediate, and from
missing signal amplitude, the aggregated states. Based on this
assay, we propose a two-step kinetic scheme (Scheme 1) that
affords a direct comparison across TTR mutants and at variable
temperatures.

The temperature dependence of the kinetic rates reveals rich
details of the TTR aggregation pathway. At pH 4.4, the TTRF
tetramer dissociation rate (k;) increases at low temperature
(Table 1). This anti-Arrhenius behavior points toward the critical
role of intersubunit hydrophobic interactions in stabilization of
the TTR tetramer (26), which can prevent certain hydrophobic
residues from forming aberrant intersubunit contacts in amyloi-
dogenic self-assembly. Low temperature reduces the strength of
hydrophobic interactions (33), destabilizing tetrameric TTR and
accelerating dissociation. Remarkably, cold-enhanced dissocia-
tion is greatly attenuated in V122I" (Table 1), and the sign of the

E6206 | www.pnas.org/cgi/doi/10.1073/pnas.1807024115

temperature dependence is reversed in the F87AY mutant (Fig. 44).
Structurally, the hydrophobic side chains of F87 and V122 form a
part of the strong dimer interface of the tetramer (Fig. 1B). Our
data show that perturbations at this interface attenuate hydrophobic
interactions between subunits and thus destabilize the tetramers of
V1221" and F87AT with respect to TTRY (Fig. 6). The hydrophobic
interactions mediated by the F87 and V122 side chains also appear
to play a role in stabilization of aggregates because AAG values
show that the z%ggregates of V122I" and F87AT are destabilized
relative to TTR"™ at each temperature studied. As the temperature
is lowered, the rates of the reactions that convert intermediates into
tetramers (k_;) and oligomers (k) decrease for TTRY, V1221, and
F87AF. These observations could be accounted for by the hydro-
phobic effect or by the reduced thermal energy available to over-
come activation barriers at low temperature. However, the reverse
oligomerization rates (k_,) of these proteins exhibit a curved tem-
perature dependence, with a minimum at 298 K (Fig. 4D and Table
1), which implies a curved free energy surface associated with heat
capacity changes that arise from transfer of nonpolar residues to
aqueous solution (34, 35). At the middle temperature, exposure of
hydrophobic groups buried in the aggregates to solvent is least fa-
vored, and the corresponding rate of formation of the monomeric
intermediate is slowest.

A high population of the monomeric amyloidogenic interme-
diate is not necessarily correlated with fast TTR aggregation,
because aggregation is a complex multistep process involving tet-
ramers, intermediates, oligomers, and higher-order aggregates.
Likewise, the forward and reverse rates for the oligomerization
step (k, and k_,) alone do not correlate with the overall aggre-
gation kinetics; the upstream (tetramer dissociation and monomer
tetramerization, k; and k_;) and downstream (formation and
dissolution of higher order aggregates) steps are also important in
determining the overall aggregation kinetics. The increased lag
period between the YF.NMR signal loss and OD33 at 277 K (S7
Appendix, Fig. S6C) indicates that the rates of formation and
dissociation of NMR-invisible, higher-order aggregates are more
pivotal in determining the slow aggregation kinetics than the rates
of preceding steps in the equilibrium (k1. or k5_5). At 310 K,
however, ky,_; and k,,_, are the major determinant of the overall
aggregation because the rate at which ODjs3 increases closely
matches the rate of ’F-NMR signal loss (SI Appendix, Fig. S5C).

At physiological temperature and concentration, the absence
of a detectable monomeric intermediate for V30M" or L55PF
suggests that the oligomerization and tetramerization rates that
deplete the intermediate outweigh the corresponding reverse
rates that accumulate it at pH 4.4. The side chains of V30 and
L55 are in close contact in the TTR structure (Fig. 1B) and in-
duce subtle conformational perturbations that destabilize the
V30M and L55P tetramer and monomer relative to WT TTR
(15). Solid-state NMR has shown that local structural changes
occur at the short p-strand (residues G53-L55) in the insoluble

6
©
E4
3
a2
@ o
e vi22lF
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Fig. 6. Schematic free energy level diagram at pH 4.4 of TTRF (black), V122I°
(cyan), and F87AF (red) at (A) 310 K, (B) 298 K, and (C) 277 K based on
Scheme 1. The apparent free energy of the | state is set to 0 as reference for
all three temperatures (dashed line). The transition states between T and |
and between | and A are designated 1* and 2*, respectively.
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aggregates of V30M and L55P (36), whereas the native-like
B-sheet structures remain intact in WT TTR amyloids (37).
Molecular dynamics simulations have also suggested displace-
ment of the p-strand in the unfolding pathway of V30M and
L55P monomers (38). Given the millisecond timescale confor-
mational fluctuations observed in M-TTR (39), it is likely that
conformational dynamics in the monomeric intermediates of WT
or pathogenic TTR mutants could contribute to misfolding and
amyloidogenic self-assembly (40).

As aggregation slows at 277 K (SI Appendix, Fig. S8H), some
soluble TTR oligomers become NMR-visible in TTRY, V30MY,
and L55P" (SI Appendix, Fig. S4 A, C, and D), whereas they are
absent at 298 K (Figs. 24 and 3 4 and B) or 310 K (SI Appendix,
Fig. S3 A4, C, and D). Analogous results have been reported using
AUC (6). It is likely that the formation of TTR oligomers is
strongly dependent upon experimental conditions. TTR oligo-
mers have been observed when aggregation is initialized by
unfolding at pH 2 followed by addition of NaCl (41, 42).
Moreover, cell culture medium has been reported to facilitate
formation of oligomeric intermediates by M-TTR at pH 7.4 but
not by the V30M tetramer (43). We anticipate that our aggre-
gation assay will be readily applicable to the detection and
quantitation of small TTR oligomers under many different so-
lution conditions. In particular, the absence of an endogenous
19F signal suggests that our approach may have the potential to
observe small oligomers and measure real-time aggregation of
9F_tagged TTR variants in the presence of human plasma ex vivo.

At 298 K and above, the monomeric TTR intermediates are
converted rapidly to higher-order aggregates without accumula-
tion of soluble oligomers that are small enough for detection by
F.NMR. TTR is similar in this regard to the islet amyloidogenic
polypeptide IAPP (44) but differs from the Ap (1-40) peptide
and the prion protein PrP, which aggregate to form NMR-
detectable, low-molecular weight oligomers on the pathway to
fibrils (19, 20)

Direct detection of the amyloidogenic monomeric intermedi-
ate provides the missing kinetic evidence for the TTR aggrega-
tion mechanism at acidic pH (5, 8, 32). Our two-step kinetic
model is consistent with published data for aggregation under
the same conditions (14) and offers additional quantitative ki-
netic insight into the multistep equilibria involved in the TTR
aggregation process. Like other amyloidogenic proteins, the ki-
netics and mechanism of TTR aggregation are undoubtedly
influenced by pathogenic mutations and dependent upon solu-
tion conditions. For example, different aggregation kinetics have
been reported for TTR at pH 2-3 (41, 45), where the major
species is the largely unfolded TTR monomer before aggregation
is initiated. The partially denaturing conditions used in our
current work, where aggregation is initialized by the TTR tet-
ramer at a physiological concentration and the solution pH 4.4 is
close to that of a lysosome (pH 4.7), are likely more physiolog-
ically relevant. The high efficiency of our real-time '°F-NMR
assay enables determination of TTR aggregation kinetics, equi-
librium constants, and free energies in one simple experiment,
opening the way to detailed mapping of the aggregation land-
scape of WT, variant, and mixed tetrameric TTRs and its de-
pendence on solution conditions. Such studies will provide new
insights into the factors that promote TTR aggregation and lead
to debilitating disease.

Materials and Methods

Protein Expression, Purification, and Labeling. TTR mutants were expressed as
described previously (46). See SI Appendix for details of protein purification
and labeling.

NMR and Turbidity Experiments. HSQC spectra for ~100 uM ['H, ">N]-C10s-

S85C in GF buffer were recorded on a Bruker Avance 900-MHz spectrometer
at 298 K before and after coupling to BTFA. Chemical shift differences between

Sun et al.

C105-585C and WT TTR and between C105-585C and TTR are shown in S/ Ap-
pendix, Fig. S1. The translational diffusion coefficient of C10S-S85C was mea-
sured on the 900-MHz spectrometer using '°N-filtered DOSY at pH 7.0 and 298 K.
The measured translational diffusion coefficient is (5.1 + 0.1) x 10~/ cm?s for
C10S-S85C, which agrees with the reported data of WT TTR as (5.1 + 0.2) x
10~ cm?/s (46). BTFA labeling is site-specific to S85C because the observed tet-
ramer '°F peak at —84.19 ppm in TTRF at 298 K is absent in a C10S control that
was treated with BTFA the same way as C10S-S85C (S/ Appendix, Fig. S2A).

Unless otherwise noted, aggregation assays were conducted for 10 uM TTR
mutants (monomer concentration) in 50 mM sodium acetate and 100 mM
KCl at pH 4.4 (aggregation buffer) at 310, 298, or 277 K. Optical density (OD)
measurements were performed as previously described (5). Real-time 'F-
NMR aggregation experiments were performed on a Bruker Avance 601
spectrometer with a QCl "H/'9F-"3C/">N quadruple resonance cryoprobe and
a shielded z-gradient coil. Corrections were made for the measurement dead
time (~10 min, required for mixing, matching, tuning, and shimming), so
that time 0 in the kinetics data analyses corresponded to the time when
the pH was lowered from 7.0 to 4.4. Typically, 100 pM TTR in GF buffer
was mixed with 8x (vol/vol) aggregation buffer and 1x (vol/vol) D,O. Each
spectrum was recorded with 4k complex points using a pulse length of 10-12 ps
and a recycle delay of 1 s. A line broadening factor of 1 Hz was applied to raw
free induction decays, which then were zero-filled to 16k before Fourier
transformation in NMRPipe (47).

The relative translational diffusion coefficients of tetramer (T) and mono-
meric intermediate (I) were determined using a 9F longitudinal encode—
decode diffusion-ordered NMR experiment ("°F-DOSY) (48). To enhance the
signal/noise ratio, the concentration of TTRF in the aggregation buffer was
increased to 80 uM, and the temperature was set at 277 K to slow down ag-
gregation so that more | species could accumulate. A diffusion delay of 100 ms
and 10 evenly spaced relative z-gradient strengths from 5 to 50% were used.
All 10 diffusion-ordered experiments were collected in an interleaved manner
to average out time-dependent signal changes during acquisition (~14 h). The
fitted slope for the logarithms of peak areas plotted against the squares of
relative z-gradient strengths was compared (S/ Appendix, Fig. S2E).

A standard inversion recovery pulse sequence was used to measure the '°F
longitudinal relaxation time constant (T;) of the T and I forms of TTRF in
aggregation buffer at 298 K. Delays of 0.02, 0.05, 0.07, 0.1, 0.15, 0.2, 0.3, 0.5,
0.8, 1, and 2 s were used. The recycle delay was set to 4 s. All spectra were
collected in an interleaved manner. The peak areas were fitted using a single
exponential function, and the uncertainty was estimated as 1 SD from
50 bootstrap datasets (49).

Estimates of Molecular Size from Stokes-Einstein Equation. The Stokes—
Einstein equation for the translational diffusion coefficient (D) is

kBT
b= 6mnr'

[11

where kg is the Boltzmann constant, T is temperature, r is hydrodynamic
radius, and 7 is viscosity.

Because the '°F-DOSY measurements were performed for tetramer and
monomer TTR in the same NMR tube, it is only necessary to consider the
difference in hydrodynamic radius (r) of these two states, which can be es-
timated using the equation

r=(3VM/4zNa)'"> + 1., 2]

where V is the specific volume (0.73 cm®/g), M is the molecular weight of
either TTR tetramer (55.0 kDa) or monomer (13.8 kDa), N, is the Avogadro’s
constant, and r,, is the thickness of the hydration shell (assumed to be 1.6 A)
(50). By combining Egs. 1 and 2, the ratio between the translational diffusion
coefficients of monomer and tetramer was determined to be 1.53, close to
the experimentally determined ratio of 1.55.

Kinetics Analysis. A set of ordinary differential equations (ODEs) based on
Scheme 1 was used to describe the time-dependent peak area changes. The
summed squared residuals between the trial ODEs solved by ode23 and the
experimental data were minimized by Isqcurvefit in MATLAB. See S/ Appendix
for details.
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