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The aggregation of transthyretin (TTR) results in life-threatening transthyretin amy-
loidosis. Familial forms of the disease arise from point mutations that destabilize the
TTR tetramer, leading to its dissociation and/or monomer unfolding and subsequent
formation of amyloid fibrils. Small molecules that kinetically stabilize the native tetramer
effectively inhibit this aggregation. Although over 300 X-ray crystal structures of TTR
have been determined, these data refer to a static structure and do not capture the
conformational effects of mutations and ligand binding. Here, we demonstrate that
hydrogen—deuterium exchange (HDX) and fast photochemical oxidation of proteins
(FPOP) coupled with mass spectrometry (MS) offer critical insights into the confor-
mational dynamics associated with TTR amyloidogenic mutations and the binding of
kinetic stabilizers. The results indicate that the design of TTR binders should consider
the specific conformational traits of each TTR pathogenic variant. We propose that
incorporating MS-based techniques into TTR drug discovery will expedite the devel-
opment of effective pathology-specific aggregation inhibitors.

protein dynamics | fast photochemical oxidation of proteins (FPOP) |
hydrogen/deuterium exchange mass spectrometry (HDX-MS) | transthyretin

Misfolding of human transthyretin (TTR) results in the accumulation of amyloid fibrils
in various tissues, leading to distinct progressive clinical syndromes known as transthyretin
amyloidosis (ATTR) (1).

TTR is a homotetramer consisting of four subunits of 127 amino acids each, termed
A, B, C, and D. Each subunit folds as a f-sandwich, with two p-sheets comprising the
DAGH strands and CBEF strands, and with a short helix at the C-terminal end of the E
strand. The monomers associate via their edge f-strands to form two dimers (AB and CD)
that further associate back-to-back in the tetramer. The AB/CD dimer—dimer interface
defines two identical thyroxine (T,)-binding sites at opposite sides of the molecule
(SI Appendix, Fig. S1) (2, 3). TTR dissociation at the T-binding interface generates dimers
that rapidly dissociate into amyloidogenic monomers (4, 5).

Pathogenic mutations in the TTR gene decrease tetramer and/or monomer stability,
enhancing TTR amyloidogenicity (6, 7). Most disease-associated variants are linked to
familial amyloid polyneuropathy (FAP) or cardiomyopathy (FAC) (8-10). Certain TTR
mutations can also affect the central nervous system, giving rise to a rare form of ATTR
known as leptomeningeal amyloidosis (11, 12). Of note, even wild-type TTR (WT-TTR)
can aggregate with age, causing senile systemic amyloidosis, primarily manifesting as
cardiomyopathy (13). Although numerous crystal structures of WT-TTR and pathogenic
mutants have been determined, they have failed to reveal the structural basis that accounts
for mutation-induced destabilization because the X-ray structures are virtually identical
(7, 14).

Occupancy of the T-binding sites by small molecules stabilizes TTR tetramers, inhib-
iting dissociation and, thus, preventing the onset of ATTR (15). The most common TTR
stabilizers in clinical practice are diflunisal, tafamidis, and acoramidis. Diflunisal, an
FDA-approved nonsteroidal anti-inflammatory drug, is employed off-label for ATTR
treatment, but its use can cause adverse effects related to its anti-inflammatory activity
(16). Tafamidis is approved for the treatment of early-stage FAP in several countries, but
not by the FDA (17). Recently, tafamidis was approved by the FDA for AT TR-related
cardiomyopathy, both hereditary and wild-type forms (18). Acoramidis (formerly AG10)
was approved last year for the same indication (19). Importantly, up to 30% of patients
do not respond to tafamidis treatment, particularly those with advanced disease (20).
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Moreover, evidence suggests that tafamidis and acoramidis exhibit
low blood-brain barrier permeability (21, 22), rendering them
suboptimal for the treatment of leptomeningeal amyloidosis.
Collectively, this highlights the need to develop new TTR stabi-
lizers to attain a broader therapeutic coverage. However, Apo-TTR
and TTR/inhibitor X-ray structures are almost superimposable,
obscuring the structural determinants critical for tetramer stabi-
lization and ligand design (23). Therefore, alternative methods are
needed to capture the impact of mutations and ligands on TTR
stability and conformation.

Mass spectrometry (MS)-based footprinting methods have
become powerful tools for assessing protein structure and dynam-
ics, including hydrogen—deuterium exchange (HDX) and fast
photochemical oxidation of proteins (FPOP) (24, 25). HDX relies
on the exchange of backbone amide hydrogens with deuterium
to assess changes in solvent accessibility and hydrogen bonding
and can provide a temporally and spatially resolved picture of the
exchangeable amide H network (26-28). In FPOD, a pulsed laser
is used to trigger the homolysis of hydrogen peroxide in solution,
generating two hydroxyl radicals that label solvent-exposed amino
acid side chains. This last type of labeling occurs faster (microsec-
ond time scale) than HDX, is irreversible, and readily provides
some residue-specific information (25, 29). When coupled to MS,
these methods offer insights into the conformational changes
induced by ligand binding and mutations under close-to-native
conditions in solution (30-32).

In this study, we employed HDX-MS and FPOP-MS to identify
the structural variations underlying the increased amyloidogenicity
of the two most common TTR pathogenic mutations, V30M and
V1221. We also used these methods to investigate the conforma-
tional changes induced by the binding of M-23 (33) and tolcapone
(34, 35), two potent TTR kinetic stabilizers developed in the
Ventura laboratory (S7 Appendix, Fig. S2). Consistent with previous
observations, the X-ray structures we obtained for the four
ligand-bound complexes are nearly identical and cannot explain the
distinct stabilizing effects observed for each compound. Thus, our
results demonstrate that these MS-based footprinting techniques
can accurately monitor stabilizing/destabilizing effects on TTR
structure, making them attractive tools for developing TTR binders
with selective and optimized stabilization activity for specific
TTR mutants.

Results

Conformational Dynamics of WT-, V30M-, and V122|-TTR
Assessed By HDX-MS. TTR mutants can be classified into two
groups: those that experience kinetic destabilization, where
the tetramer breaks apart more rapidly, leading to an increased
aggregation rate, and those that are thermodynamically
destabilized, where the monomer, once dissociated, misfolds
readily into the amyloidogenic intermediate. The V1221 mutation
is the most common amyloidogenic variant, primarily associated
with FAC (36), and it leads to a kinetically destabilized tetramer
that dissociates roughly at twice the rate of WT-TTR, whereas the
tertiary (monomer) stability of V1221 is similar to that of the WT
protein (7). The V30M mutation is the most prevalent pathogenic
variant linked to FAP (10). Unlike V1221, V30M remains
kinetically stable but is thermodynamically destabilized. In other
words, the quaternary (tetramer) stability of V30M resembles that
of WT-TTR, whereas the stability of the monomer is lower (6, 7).
Despite these differences, the crystal structures of both V30M- and
V122I-TTR are nearly identical to that of WT-TTR (SI Appendix,
Fig. S3), with backbone RMSD (for structured residues) relative
to WT of 0.28 and 0.23 A, respectively. Importantly, it has
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been proposed that the combined thermodynamic and kinetic
stability of TTR variants can help to predict disease severity (7),
underscoring the importance of understanding how pathogenic
mutations perturb tetramer and/or monomer stability.

To assess the impact of V30M and V1221 mutations on TTR’s
structural dynamics/flexibility, we conducted HDX-MS experi-
ments. We compared the results obtained for the mutants to those
obtained for WT-TTR under the same conditions (37 °C, pH
7.4). To ensure that the majority of peptides provided sufficient
spatial resolution, we used double enzymatic digestion, Fungal
XII followed by pepsin on both wild-type and variants. This
approach generated a total of 225, 238, and 240 unique peptides,
with average lengths of 13.1, 12.8, and 12.8, for WT-, V30M-,
and V122I-TTR, respectively (SI Appendix, Fig. S4).

HDX-MS of WT-TTR alone shows that the peptides repre-
senting the N-terminus and the far C-terminus underwent rapid
HDX, whereas most of the peptides across the protein exchanged
more slowly. This indicates that the N and far C termini are less
ordered and/or more dynamic than the majority of the structure,
and the remaining secondary structural elements are located in a
stable H-bonding network and/or less dynamic regions. The HDX
kinetic profiles of WT-TTR are consistent with the crystal struc-
ture, with the exception that the first ten N-terminal residues and
the last two C-terminal residues are often not seen by X-ray crys-
tallography (23), suggesting that the amide hydrogens in most
structural elements are involved in stabilizing the monomer and
dimer interfaces (SI Appendix, Fig. S5).

After assessing the WT-TTR, we used HDX-MS to investi-
gate V30M/V1221 under the same conditions. For a more con-
vincing comparison, only the common peptides with higher
signal-to-noise ratios were used, still providing 100% sequence
coverage in all cases. HDX for each peptide corresponding to a
TTR variant was quantified by calculating the difference in
cumulative deuterium uptake between WT-TTR and the respec-
tive variant (V30M or V122I), as shown in Fig. 1 A and B and
in ST Appendix, Tables S1 and S2. In the supplementary tables,
the values are expressed as percentage changes, indicating relative
protection (negative values) or deprotection (positive values).
One can view that an increase in HDX (%) indicates destabili-
zation of the variant, whereas a decrease is in accord with struc-
tural stabilization.

The V30M mutation is located on p-strand B (Fig. 1C), where
its side chain is buried in the protomer’s hydrophobic core. This
mutation induces differences in HDX throughout the entire struc-
ture, indicating long-range effects propagating from the mutation
site. Increased HDX occurs for peptides covering the regions V14
to N28, M30 to E54, A81 to H90, and V94 to A109, whereas
decreased HDX pertains in regions 173 to Y78 and A109 to V121
(Fig. 1 A and C and SI Appendix, Table S1). Two of the destabi-
lized secondary structure elements are f-strand B, where the muta-
tion resides, and p-strand C, with which V30 packs, both located
in the front CBEF f-sheet. This effect propagates to B-strands D
and G, and to a lesser extent to B-strand A in the back DAGH
B-sheet. Surprisingly, the helix and B-strand H become less
dynamic or more buried in V30M, indicating a significant con-
formational rearrangement.

The monomer—monomer interface, involving p-strands F
(excluding the C-terminal segment) and H, is stabilized by the
V30M mutation, as indicated by the increased protection observed
in the H strand. In contrast, in the AB/CD dimer—dimer interface,
involving the -strand A, the AB loop, and p-strand G, structural
effects are evident. Nevertheless, consistent with the proposed
destabilization mechanism for this variant, the primary impact of
V30M arises from the altered packing and dynamics of the
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Fig. 1. Differences in backbone dynamics between WT-TTR and TTR variants V30M and V122l as assessed by HDX-MS. (A and B) The cumulative HDX differences
of V30M minus those of WT-TTR (A) and of V122l minus WT-TTR (B) are shown in the Woods' plot format. Peptides are represented as horizontal lines; those that
show statistically significant protection in blue, those with significant exposure in red, and those from regions that are unaffected in gray. Secondary structural
elements of TTR are indicated on Top (peach shading). (C) Those regions that show statistically significant changes in HDX between WT-TTR and V30M-TTR (Left)
or V122I-TTR (Right) are mapped onto the X-ray crystal structure of the proteins. Areas that are more exposed for the variants are in red, whereas those that
are more protected are in blue. The side chains of M30 and 1122 are shown as green and yellow sticks, respectively. Figure prepared from PDB structures 4TL4

(V30M-TTR) and 1TTR (V122I-TTR).

protomer itself, rather than the disruption of intersubunit contacts
6, 7).

The V1221 mutation is located at the C-terminus of the
H-strand (Fig. 1C), with its side chain projecting into a hydro-
phobic pocket formed by the side chains of Y105 and A120 on
the same protomer, as well as F87 and Y114 on the neighboring
subunit. The HDX kinetics of V122I-TTR are more similar to
that of WT-TTR than to those of V30M-TTR (87 Appendix,
Table S2). A significant increase in HDX, however, occurred
for the peptides spanning K80 to A109, which includes part
of the helix, f-strands F and G, and the connecting loops
(Fig. 1 Band D).

This pattern indicates that structural perturbations propagate
from the mutation site. The strong interface, involving p-strands
F and H from neighboring subunits is stabilized by numerous

PNAS 2026 Vol.123 No.1 2519908122

hydrogen bonds and by the insertion of residue F87 (from strand
F) into a hydrophobic pocket in the opposing subunit, packing
against V122. The bulkier 1122 side chain perturbs this packing,
leading to increased HDX in strand E This indicates that the
mutation, although located within the weak dimer—dimer inter-
face, indirectly affects the strong interface as well. Altogether, these
data support the proposed mechanism for the V122I mutation:
It primarily disrupts intersubunit interactions, promoting tetramer
dissociation rather than intrinsic destabilization of the monomeric

fold (6, 37).

M-23 and Tolcapone Binding to WT-TTR Promote Short- and
Long-Distance Structural Stabilization As Revealed by HDX-MS
and FPOP. After investigating the structural differences between
TTR variants, we implemented HDX-MS to detect any effects of
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tolcapone and M-23 on the TTR tetramer structure in solution.
M-23 is a tolcapone derivative that binds WT-TTR with > 5-
fold affinity than the parental molecule tolcapone, resulting in a
higher tetramer stabilization both in vitro and in human plasma
(33). Despite this, the X-ray structures of WT-TTR in complex
with M-23 and tolcapone are almost completely superimposable
(SI Appendix, Fig. S6).

HDX. We performed HDX-MS, as described above, except that, for
the bound state, WT-TTR was incubated with the compounds
for 2 h before being diluted in D,O buffer. HDX for each peptide
was quantified by a relative comparison of cumulative deuterium
uptake between the unbound and ligand-bound WT (Fig. 24).
Relative changes (%) in deuterium uptake between the apo and
ligand-bound form of WT-TTR are shown in SI Appendix,
Table S3. As before, negative values (decreases in HDX) indicate
structural protection, while positive values (increases in HDX)
reflect structural destabilization (deprotection) and loosening of
the structure.

Both compounds induced significantly decreased HDX for
peptides spanning p-strand A and AB loop (V15-D19 and
V17-N28), the EF-helix (K71-Y79), and B-strand G to H
(A112-V121), reflecting decreased protein dynamics upon bind-
ing and/or structural compaction. These regions include residues
known to interact with M-23 (33) and tolcapone (34) (e.g., K15
and T119), as well as residues distant from the binding pocket
(Fig. 2B and SI Appendix, Fig. S7). Specifically, the loop between
f-strands A and B (A19-V28) and part of the EF-helix (K70-Y78)
become protected. The AB loop participates in the contacts that
stabilize the weaker AB/CD dimer—dimer interface (2), whereas
the EF-helix is involved in the interaction between subunits A(C)
and B(D) in one dimer (38). Additionally, the EF-helix interacts
with the AB loop; thus, changes in the EF-helix are likely to
impact both TTR interfaces (38, 39).

The analysis of the kinetic curves of all WT-TTR peptides in
the presence and absence of these stabilizers (S Appendix, Fig. S5
and SI Appendix, Table S3) indicates that HDX differences are
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Fig. 2. Effect of M-23 and tolcapone on WT-TTR structure as examined by HDX-MS. (4) Woods' plots showing cumulative HDX differences (Y-axis) between the
bound and unbound state for tolcapone (Upper panel) and M-23 (Lower panel). Secondary structure elements of TTR are designated on top of each panel (peach
shading). Peptides with statistically significant protection are highlighted in blue, whereas those with significant exposure are in red. Peptides from unaffected
areas are in gray. (B) Statistically significant changes in HDX are mapped onto the structure of the WT-TTR:M-23 complex (PDB: 7QC5) and the WT-TTR:tolcapone
complex (PDB: 4D7B). The regions 19 to 28 (AB loop) and 70 to 78 (part of the EF-helix) are colored in either dark blue or yellow in the WT-TTR:M-23 and WT-
TTR:tolcapone structures, respectively. Meanwhile, the regions closer to the binding pocket are shown in cyan in the WT-TTR:M23 structure and orange in the
WT-TTR:tolcapone structure. (C) HDX kinetics of WT-TTR unbound (black) and bound to M-23 (blue) or tolcapone (red) for a peptide in the region of the EF-helix

(residues 70 to 75).
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more significant with M-23 than with tolcapone, especially in the
p-strand A (11%) and EF-helix (12%) segments (Fig. 2C). This
suggests that M-23 has a more pronounced stabilizing effect on
WT-TTR than tolcapone, which is consistent with our previous
findings (33).

FPOP. To identify the side chain interactions at the binding site of
the small molecule on specific residues, FPOP experiments were
conducted. Subsequently, changes in oxidation at those individual
residue levels were analyzed by using MS/MS. Differences between
the bound and unbound states showed that 16 residues were
significantly protected from oxidation upon binding to M-23 and
tolcapone. Interestingly, various residues from the N-terminus,
middle, and C-terminus, displayed a decrease in oxidative
modification when bound to the small molecules (Fig. 34). To
quantify the relative difference in oxidation, the percentage change
measured in the presence of M-23 was compared with that for
tolcapone. A negative difference (i.e., a decrease in percentage
oxidation) indicates a greater protective effect of M-23 compared
to tolcapone, whereas a positive difference (i.e., an increase in
percentage oxidation) suggests that tolcapone provides superior
protection over M-23 when bound to TTR (87 Appendix,
Table S4).

We found distinct patterns for specific residues of WT-TTR
for M-23 and tolcapone. Specifically, M-23 exhibited significantly
lower oxidation levels in 11 out of 16 residues, indicating greater
structural protection. In contrast, only two residues, S115/117
and Y114/116, showed a decrease in oxidative modification in the
tolcapone-bound state compared to the M-23-bound state of
WT-TTR (Fig. 34 and SI Appendix, Table S4). Residues V20 and
T118 showed nearly equivalent oxidation between both com-
pounds. Overall, these results suggest that M-23 confers broader
and more substantial stabilization of the WT protein than
tolcapone.

Not surprisingly, 9 out of the 16 identified residues are inside
or near the binding pocket (M13, V14, V20, S50, E54, 184,
Y114/116, S115/117, T118), indicating short-range alterations
on side chain dynamics. These residues include E54 and S117,
which are two of the key interacting residues identified in X-ray
crystal structures of TTR:inhibitor complexes (33, 40, 41).
Noteworthy, the remaining residues (P11, F33, E42, E51, T59/60,
168, Y69, D99/5100) are distant from the interaction site, reveal-
ing long-range conformational changes on the protein upon tol-
capone and M-23 binding. On average, for both small molecules,
the protective effect was more pronounced at residues V14
(B-strand A), V20 (AB loop), 168 (B-strand E), and S115/117,
Y114/116,T118 (all in B-strand H) (Fig. 3A4). These residues map
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within (V17-N28, A112-V121) or adjoin (V15-D19, K71-Y79)
of the HDX-protected regions. Consistent with the HDX-MS
data, M-23 binding had a more substantial protective effect than
that of tolcapone, particularly on residues P11, 184, and D99/
S100 (S Appendix, Table S4). 184 in the EF loop is close to the
binding site, whereas P11, at the N-terminal end of p-strand A
and D99/5100 in the FG loop, are distant, indicating a potent
long-range stabilizing effect for M-23 on WT-TTR (Fig. 3B).

M-23 and Tolcapone Reduce V30M- and V122I-TTR Conform-
ational Flexibility. After demonstrating that HDX-MS and
FPOP-MS can effectively monitor the impact of small-molecule
stabilizers on protein structural dynamics of WT-TTR, we applied
these approaches to analyze their effects on the TTR pathogenic
variants V30M and V1221

HDX. HDX-MS experiments (Fig. 4 A and B, S Appendix, Tables S5
and S6) show that the overall effects of M-23 and tolcapone on
V122I-TTR are similar (Fig. 4B and SI Appendix, Figs. S8 andS9),
with regions 15 to 28 (B-strand A and AB loop), 70 to 78 (EF-
helix), 95 to 109 (B-strand F to G), and 111 to 120 (B-strands G
to H) undergoing less deuterium exchange after binding to the
kinetic stabilizers, which again implies the occurrence of both
short- and long-range conformational changes on the proteins
upon interacting with these molecules (Fig. 4C and SI Appendix,
Table S6). Roughly the same regions become protected in V30M-
TTR (Fig. 4 A and C and SI Appendix, Fig. S9); however, the
analysis of the kinetic curves of all V3OM-TTR peptides in the
presence and absence of the stabilizers (S Appendix, Fig. S10)
indicates that tolcapone confers 27% greater protection than
M-23 in the C-terminal region of this protein (Fig. 4D and
SI Appendix, Table S5). This region encompasses residues within
the ligand-binding site, suggesting that, unexpectedly, tolcapone
binds more strongly to the V30M variant than M-23.

To understand whether M-23 and tolcapone decrease the con-
formational flexibility of V30M and V1221 variants to an extent
that it approaches that of the WT protein in the absence of com-
pounds (WT-Apo), we compared the HDX profiles for the dif-
ferent states (SI Appendix, Tables S7 and S8). The comparison
between the WT-Apo and the ligand-bound states of M-23 and
tolcapone with V1221 and V30M variants revealed HDX protec-
tion at both the N and C termini, as well as in the mid-segment
near the EF-helix. This protection was expected, as these regions
are either part of the ligand-binding site or involved in remote
conformational changes where reduced HDX was observed.
However, in both M-23- and tolcapone-bound states, residues
spanning V29-E64 and D95-L111 exhibited greater cumulative

)

Fig. 3. FPOP analysis of the binding of M-23 and tolcapone to WT-TTR. (A) Changes in FPOP footprinting as a function of the ligands as determined by subtracting
the residue-level oxidation of unbound from bound TTR. The tolcapone and M-23 bound state are represented by yellow and dark brown bars, respectively. The
residues with the asterisk present significant statistical differences between tolcapone and M-23 bound states (*P < 0.05; **P < 0.01). The experiments were
performed in triplicate. (B) Representation of the WT-TTR:M-23 crystal structure (PDB: 7QC5) with the side chain of residues P11, 184, and D99/5100 shown as
blue sticks. These residues are labeled in one of TTR subunits to highlight their position.
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Fig. 4. Effect of M-23 and tolcapone on V30M- and V122I-TTR structure as examined by HDX-MS. (A and B) Woods' plots showing cumulative HDX differences on the Y-
axis between the bound and unbound state for V30M-TTR (A) and V122I-TTR (B). Secondary structural elements of TTR are designated on top (peach shading). Peptides
with statistically significant protection are shown in blue, whereas those from unaffected areas are in gray. (C) Statistically significant changes in HDX are mapped onto
the crystal structure of the V30M-TTR:M-23 and V122I-TTR:M-23 complex. The regions closer to the binding pocket are colored in cyan, whereas those that are more
remote (i.e., 19 to 28, 70 to 78 and 95 to 108) are shown in dark blue. TTR-tolcapone structures are not shown as the regions with decreased HDX are the same as for
M-23. (D) HDX kinetics of V30M-TTR unbound (black) and bound to M-23 (blue) or tolcapone (red) for a peptide in the C-terminal region (117 to 121).

is consistent with our previous observation, which showed a
greater impact of the V30M mutation on the conformational
dynamics of the protein, compared to V1221 (Fig. 1 A and B).

deuterium uptake in the V30M-bound state compared to the
WT-Apo, suggesting that these regions remain more destabilized
even upon ligand binding (87 Appendix, Tables S7 and S8). This
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Fig. 5. FPOP analysis of the binding of M-23 and tolcapone to V30M-TTR (A)
and V122I-TTR (B). The percentage change is determined by subtracting the
residue-level footprinting of unbound from bound TTR. The tolcapone and
M-23bound state are represented by yellow and dark brown bars, respectively.
The residues with the asterisk show significant statistical differences between
tolcapone and M-23 bound states (*P < 0.05; **P < 0.01). The experiments
were conducted in triplicate.

FPOP. FPOP footprinting analysis revealed that 15 residues in
V30M- and V122I-TTR were significantly less oxidized after
binding to M-23 and tolcapone (Fig. 5). As for WT-TTR,
these residues include both residues that are inside or close to
the binding site (M 13, V14, V20, S50, E54, 184, Y114/116,
S115/117, T118) and residues that are far from the binding site
(P11, F33, E51, T59/60, 168, Y69, D99/5100), indicating both
short and long-range stabilizing effects. Whereas the majority of
residues from V30M-TTR exhibit a comparable effect with both
compounds, residues E51/54, D99/S100, S115/117, Y114/116,
and T118 exhibit a small but significant increase in oxidative
footprinting, whereas residues T59/60 and 168 undergo a decrease
in oxidative modification for the M-23-bound state compared to
the tolcapone-bound state of V30M (Fig. 5). For V30M-TTR,
the greatest protection upon binding was observed at the C-
terminus, with tolcapone performing slightly better than M-23
for residues in this region, particularly those close to the binding
site (Y114/116, S115/117, and T118) (Fig. 54 and SI Appendix,
Table S4).

In the case of V122I-TTR, residues V14, V20, F33, 168, 184,
and D99/5100 exhibit a decrease in footprinting, whereas residues
M13, T59/60, and Y114/116 demonstrate an increase in foot-
printing for the M-23-bound state compared to the tolcapone-
bound state of V122I mutant protein (Fig. 5B and S/ Appendix,
Table S4). As a general trend, for V122I-TTR, M-23 binding
affords a better protected structure than does tolcapone based on
oxidative footprinting. Both compounds show the most pro-
nounced impact at the N-terminal region and a somewhat weaker
effect at the C-terminus (Fig. 5B). As for WT-TTR, in V1221,
the maximum protection differences between compounds occur
at residue 184, near the binding channel’s edge.

PNAS 2026 Vol.123 No.1 2519908122

X-Ray Cocrystal Structures Fail to Predict the Conformational
Impact of Kinetic Stabilizers. We analyzed the cocrystal structures
of M-23 and tolcapone in complex with the pathogenic TTR
variants. The crystal structures of V30M-TTR and V122I-TTR
bound to M-23 were determined at 1.67 A and 1.70 A resolution,
respectively (Fig. 6 A and B and SI Appendix, Table S9). We
previously reported the cocrystal structure of tolcapone in complex
with V30M-TTR (42) (1.57 A) and V122I-TTR (34) (1.86 A).
As for the WT protein (33, 34), M-23 and tolcapone bind to
V30M- and V122I-TTR in the so-called forward mode, with
the 3,4-dihydroxy-5-nitrophenyl ring occupying the hydrophobic
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Fig. 6. Analysis of the X-ray crystal structures. (A) Superposition of WT-
TTR (orange), V30M-TTR (green), and V122I-TTR (cyan) complexed to M-23.
Overlaid tetramers are shown in ribbon, and M-23 is represented as sticks.
The structural data for WT-TTR:M-23 were obtained from PDB file 7QCS5. (B)
M-23 binding at the TTR dimer-dimer interface for V30M (Top) and V122I
(Bottom). M-23 and some of the TTR residues interacting with the ligand
are represented by sticks. Dashed lines represent key interactions between
M-23 and TTR and between the hydroxyl groups of S117/S117". (C) Tolcapone
binding at the V30M-TTR (Up) and V122I-TTR (Bottom) dimer-dimer interface.
Ligand and some of the TTR residues interacting with the ligand are depicted
by sticks. Dashed lines indicate relevant contacts between ligands and TTR
and between the hydroxyl groups of S117/5117'.

https://doi.org/10.1073/pnas.2519908122 7 of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2519908122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519908122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519908122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519908122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2519908122#supplementary-materials

Downloaded from https://www.pnas.org by UNIVERSIDAD DE ZARAGOZA; BIBLIOTECA UNIVERSITARIA on February 10, 2026 from |P address 155.210.44.31.

8 of 11

Table 1. Thermodynamic parameters and stoichiometry (n) for the interaction of V30M- and V122I-TTR with M-23

and tolcapone analyzed by ITC

M-23 Tolcapone
K{nM) AG (kcal/mol) AH (kcal/mol) -TAS (kcal/mol) n K{nM) AG (kcal/mol)  AH (kcal/mol)  -=TAS (kcal/mol) n
WT-TTR (33) 6.2 -11.2 -16.6 54 1.9 34 -10.2 -12.8 2.6 2.1
V30M-TTR 64 -9.8 -10.9 1.1 1.6 440 -8.7 -13.8 5.1 1.4
V122I-TTR 28 -10.3 -13.6 33 2.0 50 -10.0 -12.2 22 1.8

Error in AG is 0.1 kcal/mol and in AH and -TAS is 0.4 kcal/mol.

environment of the two symmetrical halogen-binding pockets, 2/2’
and 1/1°, which are located in the outer binding cavity (Fig. 6).
The majority of TTR ligands, including T (43), tafamidis (40),
and acoramidis (44) adopt this binding mode. In this orientation,
the 4-hydroxy substituent of M-23 and tolcapone can engage in
hydrogen bonds with the e-amino groups of K15/K15’ residues of
TTR, which in turn form salt bridges with the carboxylate group
of E54/E54° (Fig. 6 B and C). These interactions were proposed
to play a key role in stabilizing the protein-ligand interactions
by restricting the entrance of solvent into the pocket (34). In
both mutants, the central carbonyl group of M-23 establishes a
hydrogen bond with the hydroxyl side chain of T119. In addition,
the 3-F and 5-OH substituents of the 3-fluoro-5-hydroxyphenyl
ring establish hydrogen bonds with carbonyl oxygen of A108
and the hydroxyl oxygen of S117/8117’, respectively (Fig. 6B).
These interactions in the inner binding cavity are not seen in the
crystal structures of V30M- and V122I-TTR bound to tolcapone
(Fig. 6C).

No evident long-range effects can be inferred for the two mol-
ecules in the crystal structures because, aside from the side chains
in the binding site, the rest of the structure of the complexes is
virtually identical to those of the corresponding unbound forms
(45, 46). More importantly, the structures of M-23 and tolcapone
in complex with V30M-TTR and V122I-TTR illustrate how the
number of contacts in the crystal between the stabilizer and the
TTR-tetramer is not a good proxy for the stabilizing effect the
molecule exerts on the specific TTR variant in solution. The con-
tacts that each kinetic stabilizer establishes with WT-TTR,
V30M-TTR, and V122I-TTR in the respective cocrystals are
identical, with the same interactions occurring with K15/K15’,
but a much higher number of contacts of M-23 in the inner
binding cavity for all proteins. Despite this, according to HDX-MS
and FPOP-MS, M-23 has a higher stabilizing effect on WT-TTR,
whereas tolcapone is slightly more potent for V3OM-TTR, espe-
cially at the protein C-terminus. These discrepancies likely reflect
the failure of crystal structures to capture solvation effects and/or
interaction strengths.

Binding Enthalpy Reflects Conformational Stability in TTR-
Stabilizer Interactions. We evaluated the protective effect of the
two stabilizers on V30M- and V122I-TTR by monitoring their
unfolding kinetics in the presence of 6 M urea (S Appendix,
Fig. S11 A and B). Both compounds exhibit a strong stabilizing
effect, with no apparent differences between them under the assay
conditions. We then assessed their ability to prevent acid-induced
aggregation at pH 4.4 (8] Appendix, Fig. S11 C and D). In this
assay, both tolcapone and M-23 again showed potent inhibitory
activity, although small differences were detected between the
two molecules. These minor variations correlate with the trends
observed by HDX-MS and FPOP for the corresponding TTR-
ligand complexes. These results confirm the high efficacy of both
stabilizers while illustrating the inherent limitations of these
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two gold-standard techniques in resolving subtle differences in
conformational stability.

Next, we characterized the thermodynamics of V30M- and
V122I-TTR interactions with M-23 and tolcapone by using iso-
thermal titration calorimetry (ITC). As we previously reported
for WT-TTR (33), both compounds bind to V30M-TTR and
V122I-TTR without displaying negative cooperativity, in contrast
to other stabilizers, like tafamidis (40) (Table 1 and S/ Appendix,
Fig. S12). Tolcapone and M-23 bind with higher affinity to
VI22I-TTR (K, = 50 and 28 nM) than to V30M-TTR (K, = 440
and 64 nM). This contrasts with the information from cocrystal
structures that indicates that the interactions established by M-23
in the outer and inner binding cavity of V122I-TTR resemble
those in V30M-TTR (Fig. 6 A and B).

In both TTR mutants, M-23 consistently showed a lower K,
than tolcapone, consistent with our previous findings for
WT-TTR (Table 1) (33). This indicates that the binding affinity,
as reflected in the binding free energy (AG), does not fully account
for the differential conformational effects induced by the stabiliz-
ers, as revealed by HDX-MS and FPOP-MS. Investigators of
recent studies (41) proposed that enthalpic contributions (AH),
rather than affinity alone, more accurately reflect the kinetic sta-
bilization potency of TTR ligands. In support of this view, the
relative AH values measured for M-23 and tolcapone for the WT
closely mirror the patterns observed in MS-based conformational
analysis. Specifically, for WT-TTR and V122I-TTR 4H,,,; >
AH, )y whereas for V3OM-TTR 4H, ., > AH) 55 These
results suggest that the strength of the TTR-stabilizer interactions,
rather than overall binding free energy, better correlates with the
extent of local and long-range conformational changes induced

by the ligands.

Discussion

In this study, we employed MS-based structural footprinting—
HDX-MS and FPOP—to investigate how pathogenic mutations
and kinetic stabilizers impact the structure and dynamics of TTR
in a near-native solution environment. Our findings not only
bring insights to TTR but also underscore the limitations of con-
ventional X-ray crystallography in capturing the dynamic confor-
mational changes that underlie TTR destabilization and amyloid
formation. In contrast, the MS-based approaches, which require
only picomole amounts of protein, uncover mutation-specific and
ligand-induced alterations in structural flexibility, more accurately
reflecting the molecular basis of TTR pathology and therapeutic
stabilization.

Our HDX-MS data provide compelling evidence that the
V30M and V122I mutations destabilize TTR through distinct
mechanisms. V30M, which resides in the hydrophobic core of
B-strand B, induces widespread conformational perturbations
extending to the FG loop and both f-sheets, consistent with a
thermodynamic destabilization of the monomer. In contrast,
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V1221, located at the dimer—dimer interface, causes localized
increases in deuterium exchange, primarily affecting intersubunit
contacts, such as 3-strands F and G and the EF-helix, consistent
with a kinetically destabilized tetramer. These distinct dynamic
footprints are consistent with the destabilization mechanisms
described for these variants in previous thermodynamic studies
(6, 7), highlighting the need to understand the conformational
context of individual TTR variants prior to designing therapeutic
interventions.

Despite the nearly identical cocrystal structures of TTR bound
to M-23 and tolcapone, HDX-MS and FPOP-MS uncover dis-
tinct local and long-range conformational changes induced by
these ligands in WT-, V30M-, and V122I-TTR. M-23 consist-
ently imparts greater stabilization to WT- and V122I-TTR, nota-
bly enhancing protection in the EF-helix and remote regions such
as the FG loop. In contrast, tolcapone confers increased protection
in the C-terminal region of V30M-TTR, suggesting enhanced
efficacy for this specific variant. Although crystallography offers
invaluable static snapshots, the sensitivity of HDX and FPOP to
dynamics provides a deeper and more functional picture of how
kinetic stabilizers influence the TTR conformational landscape.

FPOP-MS extends the conformational analysis to the residue
level and confirms that kinetic stabilizers impact both proximal
and distal residues from the binding pocket. M-23 in particular
induces footprinting protection for distant residues such as D99/
S100 and P11, suggesting a robust long-range stabilizing effect.
These insights are essential for understanding the full extent of
molecular stabilization and provide key information for designing
compounds that exploit allosteric networks.

Our thermodynamic analysis further supports the notion that
binding enthalpy (AH), not affinity (K, or AG), better predicts
the conformational stabilization imparted by kinetic stabilizers.
The enthalpic profiles of M-23 and tolcapone correlate well with
the magnitude and distribution of conformational protection
observed in the HDX and FPOP data. For WT-and V122I-TTR,
M-23 induces more favorable enthalpic interactions, whereas tol-
capone is enthalpically more favorable for V30M-TTR. These
results underscore the need to prioritize enthalpy-driven interac-
tions during stabilizer design, particularly when aiming to enhance
long-range conformational stability.

A recent cryo-EM study investigated the conformational land-
scape of TTR in the presence and absence of tafamidis (47). The
study revealed intrinsic asymmetries within the tetramer and pre-
viously unobserved conformational states, providing mechanistic
insight into the negatively cooperative ligand binding of this mol-
ecule. In our study, HDX-MS did not detect bimodal distributions
in the peptide mass spectra, either in the absence or presence of
stabilizers. Moreover, unlike tafamidis, tolcapone and M-23 bind
to both T,-binding sites with comparable affinities, showing no
evidence of negative cooperativity. Although methodological dif-
ferences cannot be entirely ruled out, our results suggest that the
metastable conformational states identified by cryo-EM are not
significantly populated under our experimental conditions.

Despite the well-established clinical efficacy of the kinetic
stabilizers tafamidis, acoramidis, and diflunisal, these com-
pounds present certain limitations related to potency, bioavail-
ability, side effects, and limited blood—brain barrier permeability.
Tolcapone and its derivative M-23 achieve strong enthalpy-driven
stabilization and induce distinct conformational protection pat-
terns in WT-, V30M-, and V122I-TTR. Their long-range sta-
bilizing effects, broad variant coverage, together with their ability
to cross the BBB suggest that these could expand the therapeutic
landscape of TTR amyloidosis, particularly for variant-specific
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or neurological manifestations, and be used in novel combina-
tion therapies with TTR silencers (48).

One outcome of our research is that our findings reinforce the
need for dynamic, solution-based characterization of protein—
ligand interactions in the drug discovery pipeline for TTR amy-
loidosis and perhaps in other related systems. MS-based techniques
offer critical insights not available through crystallography alone
and allow for variant-specific evaluation of stabilizer efficacy. The
ability to link conformational dynamics to thermodynamic sig-
natures opens opportunities to design rationally specific stabilizers
that optimize enthalpic contributions and target mutants
long-range structural vulnerabilities.

Future research should focus on expanding the application of
HDX-MS and FPOP-MS to other amyloidogenic proteins and
evaluating how these techniques can guide the development of ther-
apeutics that target protein misfolding. Additionally, further corre-
lation between enthalpy, long-range protection, and clinical efficacy
in TTR and other protein systems might provide a robust frame-
work for precision stabilization in conformational diseases.

Materials and Methods

TR in vitro aggregation assays and tetramer stabilization assays are explained
in the Supporting Information.

TTR Expression and Purification. The vectors encoding for V30M- and V122I-
TIR were prepared by PCR site-directed mutagenesis using a pet28a vector
(Novagen, Addgene, Cambridge, MA) encoding for the WT protein as a template.
WT-TTR and TTR variants were recombinantly expressed and purified as explained
before (35). The fractions eluting from the gel filtration chromatography were ana-
lyzed by SDS-PAGE and the ones with higher purity were combined and stored at
—20°C. Protein concentration was determined spectrophotometrically at 280 nm
using a molar extinction coefficient of 77 600 M~" cm™".

Synthesis Procedure. M-23 was prepared as previously reported (33). Tolcapone
was purchased from Thermo Fisher Scientific (Waltham, MA).

HDX-MS Experiments. HDX-MS was performed to investigate nine TTR states,
including WT, V1221, and V30M variants, both unbound and in complex with
tolcapone or M-23. Comparative HDX-MS analysis enabled assessment of con-
formational dynamics and ligand-induced stabilization. HDX was initiated under
controlled conditions and followed by online digestion, peptide separation, and
mass spectrometric analysis. All HDX experiments were performed in duplicate to
ensure reproducibility. Full experimental details, including sample preparation,
LC-MS setup, peptide mapping, and data analysis, are provided in the Supporting
Information.

FPOP-MS Experiments. FPOP-MS was used to assess solvent accessibility and
structural changes in TIR variants, both unbound and bound to tolcapone or
M-23. Hydroxyl radicals, generated by laser-induced Ha, 04, photolysis, reacted
with TTR tetramers in the presence or absence of stabilizers. Oxidation was
quenched immediately postirradiation, and samples were digested with trypsin
prior to LC-MS/MS analysis. Modified and unmodified peptides were quantified
to assess site-specific oxidation. All experiments were performed in triplicate,
including nonirradiated controls to account for background oxidation. Detailed
protocols for FPOP labeling, LC-MS/MS setup, data analysis, and quantification
of oxidation levels are provided in the Supporting Information.

Isothermal Titration Calorimetry. The binding parameters for both ligands,
tolcapone and M-23, interacting with V1221-TTR and V30M-TTR were measured
by ITC, the gold standard for the thermodynamic study of biomolecular interac-
tions (49). All ITC measurements were performed with protein and compounds
dissolved in the same buffer (PBS buffer pH 7.0, containing 100 mM KCI, TmM
EDTA, and 2.5% DMSO0), and degassed. The ITC measurements were performed
at25°Cusing a Nano ITC calorimeter (TA Instruments, New Castle, DE). Titrations
were carried out as a set of 20 injections of 100 uM compound into protein
(5 uM), programmed as 2.02 pl injections with 150 s of equilibration time spacing.
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Peakintegration was done using the NanoAnalyze software (TA Instruments) and
the data analyzed using a general model for a protein with two ligand-binding
sites implemented in Origin 7.0 (OriginLab, Northampton, MA), which accounts
forthe potential existence of cooperative binding within the homodimeric protein
(50,51).

Crystallization and Structure Determination. Cocrystals of V30M-TTR/M-23,
V1221-TTR/M-23,and V30M-TTR/tolcapone were obtained as previously reported
(35). In short, purified proteins (140 uM) were mixed with 10-fold molar excess
of M-23/tolcapone and cocrystallized at 18 °C by hanging-drop vapor diffusion
by mixing equal amounts of complex and reservoir solution. The reservoir solu-
tion contained 25 to 30% PEG 400, 200 mM CaCl,, 100 mM HEPES, pH 7.0
to 7.5. The crystals were flash-frozen in liquid nitrogen (100 K), and diffraction
data were recorded at the BL13-XALOC beamline from the ALBA Synchrotron in
Barcelona (52). Data were integrated and merged using XDS (53) and scaled,
reduced, and further analyzed with CCP4 (54). The structures of TIR/M-23 and
V30M-TTR/tolcapone complexes were determined by molecular replacement with
Phenix (version 1.19.2-4158) (55) using a previous TIR structure (PDB 1F41)
as a search model. Model refinement was done using Phenix (55), and model
building was performed with Coot (56). Figures were prepared using Pymol (The
PyMOL Molecular Graphics System, Version 2.0, Schradinger, LLC, Palo Alto, CA).

Data, Materials, and Software Availability. Atomic coordinates and the
structure factors data have been deposited in the RCSB Protein Data Bank under
the accession codes 9H5Y (V30M-TTR:M-23) (57) and 9H5X (V122I-TTR:M-23)
(58). HDX-MS and FPOP-MS data have been deposited to the ProteomeXchange
Consortium via the PRIDE (59) partner repository with the dataset identifiers
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