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Abstract

Aggregation of transthyretin (TTR) causes the TTR amyloidoses. The native TTR tetramer (a 

dimer of dimers) is stabilized by packing of phenylalanine 87 (F87) into a hydrophobic cavity of a 

neighboring protomer across the strong dimer-dimer interface. X-ray structures at acidic pH show 

that the side chain of F87 can be displaced from its binding pocket, but the resultant solution 

conformations remain unknown. Here we used 19F-NMR and 19F-labeled C10S-S85C TTR to 

characterize two local conformations of the loop containing F87. At neutral pH, F87 packs 

correctly into the inter-protomer cavity in the dominant conformational state (population 93%, T) 

whereas the remaining minor population is a mispacked tetramer (T*). The population of T* can 

be enhanced in heterotetramers by mixing C10S-S85C TTR with increasing molar ratios of A120L 

TTR, where a bulky leucine residue is introduced to disfavor the T state by steric 

hindrance.Exchange between the T and T* states in the presence of A120L is mediated by subunit 

exchange from the C10S-S85C tetramer. Compared to the TTR tetramer in which the dimers are 

correctly packed, mispacking of one or both dimer pairs leads to an increase of the urea-unfolding 

rate by 4-fold and at least 15-fold, respectively. Consistent acid-mediated tetramer dissociation 

was observed by 19F-NMR aggregation assays. Our results highlight the important role of the 

inter-protomer F87 side chain packing in determining the kinetic stability of the TTR tetramer; 

mispacking of F87 in the T* state predisposes it for rapid dissociation and entry into the 

aggregation pathway.
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Human transthyretin (TTR, UniProtKB P02766), a homotetrameric protein found in plasma 

and cerebrospinal fluid, transports thyroxine and holo-retinol binding protein. The process of 

wild type (WT) TTR aggregation causes senile systemic amyloidosis, which affects ~25% of 

the population over age 80. The first step of TTR aggregation is dissociation of the TTR 

tetramer into a monomeric aggregation-prone intermediate,1, 2 followed by an energetically 

favorable downhill self-assembly.3 Accordingly, TTR amyloidogenicity is closely related to 

the thermodynamic and kinetic stabilities of the TTR tetramer.4, 5 Amino acid point 

mutations that weaken the native TTR tetramer result in familial TTR amyloidosis due to 

mutant TTR aggregation with an earlier age of onset.6, 7

The native TTR tetramer is a dimer of dimers. Each monomer consists of a β-sandwich of 

two four-stranded β-sheets comprising the DAGH and CBEF strands. The antiparallel 

arrangement of the H-H’ strands (residue 115–123) extends the DAGH sheet across 

neighboring subunits and forms the primary basis of the strong dimer interface whereas the 

AB and GH loops (residue 18–27 and 112–115) from two protomers pack against each other 

in the weak dimer interface. Among the molecular interactions that stabilize the TTR 

tetramer at the strong dimer interface, the side chain of F87 packs into a hydrophobic pocket 

in the neighboring protomer (red spheres in Figure 1A, B), formed by the side chains of 

several residues including A120 (orange spheres in Figure 1B). Interestingly, an alternative 

local conformation of the EF loop (residue 81–91) has been reported based on an X-ray 

structure at pH 4.0, where F87 is dislodged from the cavity (magenta spheres in Figure 1A, 

B).8 However, how the side chain packing of F87 affects the conformational stability of the 

TTR tetramer in solution is unknown.

Previously we reported that quantitative labeling of TTR with 3-bromo-1,1,1-

trifluoroacetone (BTFA) at a site adjacent to the strong dimer interface (S85C) provides a 

sensitive probe to report on the populations of tetramer and monomer during aggregation.10 

BTFA labeling does not perturb the TTR structure nor its aggregation kinetics. Based on the 

proximity of the BTFA probe to F87, we reasoned that the same probe could report on local 

conformational changes in the EF loop. In the present study, we employ 19F-NMR to 

directly visualize two solution conformations associated with differences in F87 side chain 

packing. To modulate their relative populations, we introduced steric hindrance for the F87 

sidechain by mutation of A120 inside the inter-protomer cavity. Our results indicate that 

mispacking of the F87 side chain leads to reduced kinetic stability, as ascertained by urea 

unfolding and acid-mediated tetramer dissociation.
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Figure 1C shows a 19F-spectrum of C10S-S85C-BTFA (TTRF ) at pH 7.0 and 298 K. A 

minor shoulder resonance (T*) is observed, with a population of 7 ± 1 % (estimated from the 

fitted Lorentzian peak areas and averaged from four independently expressed batches of 

TTR). This peak is upfield-shifted by 0.08 ppm from the major tetramer peak (T) at −84.18 

ppm. The stoichiometric labeling by BTFA excludes the possibility of multiple labels on one 

TTR protomer and is specific to S85C as a cysteine-free C10S construct is not labeled by 

BTFA under the same conditions.10 The population and the 19F chemical shift of T* remain 

unchanged in C10A-S85C-BTFA, which suggests that the mutation of C10 does not affect 

the relative population of T* and T. 19F longitudinal diffusion-ordered NMR spectroscopy 

(DOSY)11 confirmed that T* is a tetramer (Figure 1D), whose relative population is 

invariant over a TTR concentration range of 10 to 360 µM (monomer concentration; Table 

S1). The 19F-NMR spectrum of the C10S-S85C-F87A-BTFA (F87AF) mutant exhibits only 

one tetramer resonance at −84.17 ppm and no signal corresponding to the T* state (Figure 

1C), suggesting that the minor (T*) tetramer conformation in TTRF is likely linked to F87. 

Due to the destabilization caused by F87A, a new peak appears at −84.48 ppm that is 

assigned to the F87AF monomer. The relative intensity of the monomer peak (M) is 

enhanced at the cost of the downfield tetramer resonance (T) by dilution (Figure S1A) and 

by decreasing the temperature to weaken the hydrophobic interaction that stabilizes the TTR 

tetramer more than the monomer (Figure S1B). The assignment of the F87AF monomer 

resonance was further substantiated by the similar 19F chemical shift of the monomeric 

TTRF aggregation intermediate at −84.47 ppm.10 Proximity of the BTFA reporter to F87 is 

necessary to distinguish T and T*; only one symmetric 19F resonance was observed for 

C10S-S46C-BTFA and C10S-E63C-BTFA, where the probes were placed far away from 

F87 (Figure S2). Further, the absence of the T* peak from these spectra rules out the 

possibility that the minor species observed for TTRF might arise from coupling of BTFA at a 

secondary site.

The upfield 19F chemical shift of T* in the spectrum of TTRF and the absence of the T* 

resonance from the spectrum of F87AF support the notion that the local environment of the 

EF loop is more solvent-exposed in T*12 and that F87 is involved in this conformational 

change. We hypothesized that the major conformation T corresponds to a correctly packed 

tetramer, with the F87 side chain inserted into its docking site on the neighboring protomer, 

and that T* arises from a mispacked subunit interface. To test this hypothesis, we introduced 

a conformational bias to favor the energetically unfavorable T* state at the cost of T. Since 

the side chains of A120 and F87 are tightly packed (Figure 1B), we created an A120L 

mutant where a bulky leucine was introduced to displace the F87 side chain from its correct 

docking site by steric hindrance. Indeed, mixing 10 µM TTRF and 80 µM A120L over 66 h 

at pH 7.0 and 298 K enhances T* and reduces T simultaneously (Figure 2A, S3A). The total 

peak areas of T and T* are conserved (Figure S4A) showing that T and T* inter-convert in 

the presence of A120L. The relative population of T* is positively correlated with the molar 

ratio of A120L:TTRF (Figure 2B). The T–T* exchange rate was measured as 0.038 ± 0.003 

h−1 (Figure 2C); this rate is largely determined by subunit exchange from TTRF. At the 

mixing concentration (80 µM), A120L is a mixture of monomer and tetramer (SI text). Upon 

(slow) dissociation of a subunit from the TTRF tetramer, the excess A120L monomer is 

rapidly incorporated to form a heterotetramer. The presence of A120L is necessary to drive 
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the population shift as no changes in the population of T* occur in the absence of A120L 

(Figure 2D, S3B, S4B).

Having confirmed the mispacking of F87 in T*, we next characterized its kinetic stability 

using urea unfolding. The unfolding rate for the T resonance of TTRF at pH 7.0, 298 K in 6 

M urea (Figure S3C, S4C) is 0.066 ± 0.001 h−1, which closely matches the rate predicted 

(0.067 h−1, see SI text) from the subunit exchange rate for TTRF alone (0.038 h−1, Figure 

2C) and the reported urea-dependence of the tetramer dissociation rate for WT TTR.4 This 

comparison, and the fact that TTRF and WT TTR have the same subunit exchange rates 

(~0.038 h−1 at pH 7.6 and 298 K)13, establishes that TTRF and WT TTR have similar kinetic 

stabilities at neutral pH. The small population of T* in TTRF, however, renders kinetic 

quantification challenging as it disappears into the noise within 1 h in 6 M urea (Figure 

S3C). To measure the unfolding kinetics of T*, we therefore increased its population by 

incubating A120L and TTRF (8:1 mole ratio) to form mixed heterotetramers prior to urea 

unfolding (Figure S3D). The expected composition of the heterotetramers is illustrated in 

Figure S5. Remarkably, the majority of the T* state, which arises from heterotetramers 

without any correctly packed dimers, is unfolded within 1 h (kobs > 1 h−1), leading to an 

amplitude burst in the unfolded resonance (U) that is upfield shifted by 0.09 ppm from T* 

(Figure 3A). The decay rate of the T resonance, which is associated with a heterotetramer 

with only one pair of correctly packed dimers (Figure S5), is 0.26 h−1, 4 times faster than 

that of the T state of the TTRF tetramer with two correctly packed dimer pairs (Figure 3B).

Consistent with the rapid unfolding of T* in the hybrid tetramer, the T* resonance nearly 

completely disappears within 1 h after the pH is lowered from 7.0 to 4.4 at 298 K (Figure 

3C, S3E). Moreover, the T state of the heterotetramer dissociates into a monomeric, 

aggregation-prone intermediate (I) more quickly than T in TTRF alone (Figure 3D). Unlike 

the constant 19F NMR signal amplitude in urea unfolding (Figure S4C, S4D), the overall 

signal amplitudes of T and I decay over time (Figure S4E), showing the formation of NMR-

invisible aggregates (A). Fitting the aggregation data using a three-state model 

(T
k−1

k1
I

k−2

k2
A)

10
 shows that both the tetramer dissociation rate (k1) and monomer 

tetramerization rate (k-1) increase by 12-fold for the heterotetramer, compared to TTRF 

alone (Table S2).

The kinetic trace of the I species of TTRF with premixed A120L reaches a maximum at 0.4 

h, sooner than TTRF alone (~6 h, Figure 3D). Moreover, the decay of the I resonance is 

much faster with premixed A120L, and its steady state level (3%) is lower than that for 

TTRF alone (8%). These changes are reflected in a 16-fold increase in the oligomerization 

rate (k2) that consumes the I species. For comparison, the increase in the reverse 

oligomerization rate k-2 is only about 3-fold (Table S2). The greater increase of the 

oligomerization rate is likely due to the presence of excess A120L, which could co-

aggregate with the TTRF I species. Consistent with this idea, the t1/2 in turbidity assays 

decreases from ~49 h for TTRF alone (10 µM) to ~15 min for the A120L:TTRF (80:10 µM) 

mixture (Figure S6).
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Conformational changes around the EF loop have been associated with TTR aggregation at 

mildly acidic pH.8, 14 Not only is the EF loop adjacent to the strong dimer interface, it also 

packs against the AB and GH loops in the weak dimer interface. One pathogenic mutation in 

this region, I84S, is highly aggregation-prone15 and the X-ray structure shows local 

unfolding of the EF helix as well as an altered conformation of the EF loop.16 In addition, 

the backbone amides in the EF loop are severely broadened by exchange in a monomeric 

TTR at low pH.14 In the same vein, the 19F transverse relaxation rate constant (R2) is larger 

for T* (42 s−1, see SI text) than for T (28 s−1), indicating that T* is more conformationally 

dynamic than T. Collectively, these results suggest that the local conformational dynamics of 

the residues in the EF loop could drive the amyloidogenic misassembly of the monomeric 

aggregation intermediate.

In conclusion, by combining 19F-NMR analysis with a mutation (A120L) designed to 

introduce steric hindrance into the strong dimer interface, we show that the two solution 

conformations of the TTR tetramer, T and T*, are associated with differences in side chain 

packing of F87 and that their relative populations can be modulated by mixing with A120L 

protomers. The kinetic stability of the heterotetramers with mispacked dimers is reduced as 

compared to the tetramer with both dimers correctly packed. Our results show the important 

role of F87 side chain packing on stabilizing the TTR tetramer against local conformational 

fluctuations and self-aggregation. Exploring alternative molecular markers to monitor 

conformational changes in this key region of TTR is currently underway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Two TTR X-ray structures (green/cyan: 1BMZ9 and tan/cyan: 3D7P8), aligned using the 

cyan protomer, showing the distinct local conformations around F87. The heavy atoms of 

F87 side chains are shown in red and magenta spheres for the green and tan TTR, 

respectively. (B) Close-up showing packing of the red F87 side chain into a hydrophobic 

cavity in the adjacent (cyan) protomer; A120 in the cyan protomer is colored orange. The 
19F-BTFA probe at S85C was modeled according to Ref10 and is shown as blue sticks. (C) 
19F-NMR spectra of C10S-S85C-BTFA (TTRF), C10A-S85C-BTFA and C10S-S85C-F87A-

BTFA (F87AF). The major tetramer, minor tetramer and monomer species are labeled as T, 

T* and M. (D) 19F-DOSY data for C10A-S85C-BTFA has the same slope for T and T* 

(slope ratio 1.02 ± 0.05) showing that the translational diffusion coefficients are the same 

and hence that both species are tetrameric. Black lines denote linear fits.
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Figure 2. 
(A) Changes in peak intensity with time following mixing of A120L and TTRF at pH 7.0, 

298 K. in an 8:1 monomer ratio. (B) The post-mixing population of T* as a function of the 

A120L:TTRF molar ratio. The uncertainty was calculated as one standard deviation from 50 

bootstrapped datasets. (C) Exchange kinetics determined from single exponential fits of the 

intensity changes in (A). (D) The relative populations of T* and T in TTRF remain constant 

in the absence of A120L.
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Figure 3. 
(A) 19F-NMR spectra before and after unfolding by 6 M urea. (B) Unfolding kinetics of T 

with 8-fold A120L (A) in red and without premixed A120L (green). Black lines are single 

exponential fits. (C) Acid-mediated aggregation of TTRF premixed with 8-fold A120L. (D) 

The aggregation kinetics of T and I in (C) are shown in red. For comparison, the aggregation 

data of TTRF alone are plotted in green.10 Black lines are fits from a three-state kinetic 

model (see main text).
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