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Characterization of TDP-43 RRM2 Partially Folded
States and Their Significance to ALS Pathogenesis
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ABSTRACT The human protein TDP-43 is a major component of the cellular aggregates found in amyotrophic lateral sclerosis
and other neurodegenerative diseases. Insoluble cytoplasmic aggregates isolated from the brain of amyotrophic lateral sclerosis
and frontotemporal lobar degeneration patients contain ubiquitinated, hyperphosphorylated, and N-terminally truncated TDP-43.
Truncated fragments of TDP-43 identified from patient tissues contain part of the second RNA recognition motif (RRM2) and the
disordered C-terminus, indicating that both domains can be involved in aggregation and toxicity. Here, we focus on RRM2. Using
all-atom replica-averaged metadynamics simulations with NMR chemical shift restraints, we characterized the atomic structure
of non-native states of RRM2, sparsely populated under native conditions. These structures reveal the exposure to the solvent of
aggregation-prone peptide regions, normally buried in the native state, supporting a role in aggregation for the partially folded
states of RRM2.
INTRODUCTION
The 43 kDa human transactive response DNA-binding pro-
tein (TDP-43) is a 414-amino-acid protein with two RNA
recognition motifs (RRM1 and RRM2), an N-terminal
dimerization domain, and a C-terminal prion-like glycine-
rich domain (1). TDP-43 is a nuclear protein that is ubiqui-
tously expressed and whose functions include RNA splicing
and transcriptional repression (2,3). In 2006, TDP-43 was
identified as the main constituent of the cytoplasmic inclu-
sions that are the hallmark of most forms of amyotrophic
lateral sclerosis (ALS) and frontotemporal lobar degenera-
tion (FTLD) (4,5). Since then, a large number of TDP-43
mutations in familial and sporadic ALS patients have been
reported (ALS Online Genetics Database) (6), thus estab-
lishing a primary role for TDP-43 in ALS pathogenesis.
TDP-43 forms aggregated species in vitro that display
high structural similarity with TDP-43 aggregates from
FTLD and ALS patients (7). Furthermore, ALS-related mu-
tations identified in the TDP-43 gene have been reported to
accelerate aggregation in vitro and to promote the formation
of more numerous aggregates in vivo (7).

The cytoplasmic aggregates found in FTLD and ALS
brain contain ubiquitinated, hyperphosphorylated, and
N-terminally cleaved TDP-43 fragments (known as C-ter-
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minal fragments) (4,8). TDP-43 25 kDa C-terminal frag-
ments, identified as the pathological species in FTLD and
ALS (4,8), are generated from proteolytic cleavage within
RRM2 (8–10) and consequently comprise a C-terminal
part of RRM2 and the glycine-rich region. When these
C-terminal fragments of TDP-43 have been expressed in
cell culture, they were observed to become ubiquitinated
and hyperphosphorylated and to form cytoplasmic aggre-
gates (10,11), recapitulating the observations made in
patient-derived brain tissue (11). Moreover, cytoplasmic in-
clusions formed upon ectopic expression of the C-terminal
truncation product of caspase cleavage were observed to
be toxic in M17 neuroblastoma cells (10). To investigate
the domain-specific contributions to neural toxicity in
TDP-43, the aggregation propensity and toxicity of different
TDP-43 constructs have been studied in various disease
models. Studies of TDP-43 fragments with differing lengths
showed that both the truncated RRM2 (residue 208–265)
and the glycine-rich region contribute to formation of insol-
uble cytoplasmic aggregates in mouse neuroblastoma N2a
cells, with the truncated RRM2 playing a primary role
(12). In another mouse neuronal cell line (motor-neuron-
derived NSC-34), the C-terminal part of RRM2 was found
to be required but not sufficient for aggregation, with
different TDP-43 fragments likely impairing neurite growth
through different toxic mechanisms (13). In yeast, both
RRM2 and the glycine-rich region are required for aggre-
gate formation and toxicity (14). Taken together, these
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studies emphasize the importance of these two domains in
the abnormal formation of cytoplasmic aggregates and in
the pathogenic role of TDP-43 in FTLD and ALS.

TDP-43RRM2 is an unusually stable domain, as shown by
thermal and chemical denaturation studies (12,15,16). The
solution structure of TDP-43 RRM2 (Protein Data Bank
(PDB): 1WF0, Fig. S1) shows a large cluster of 12 connected
hydrophobic residues—isoleucines, leucines, and valines
(ILV) (17)—in the core of the domain that likely contributes
to its high stability (16). Denaturant-induced unfolding
studies have revealed the presence of an intermediate state
on the RRM2 unfolding pathway. This intermediate state
has a low, although not negligible, population under native
conditions that increases with increasing denaturant concen-
tration to a maximal value of�80% at 4 M guanidine hydro-
chloride before fully unfolding (16). This partially folded
state of TDP-43, populated under native conditions, may in-
crease the probability of cleavage—leading to the production
of toxic truncated forms of TDP-43 (10–14,18)—or directly
contribute to aggregate formation. A structural characteriza-
tion at atomic resolution of this partially folded intermediate
state is not yet available, but it is required in order to establish
its role in ALS and other neurodegenerative diseases by
contributing to misfolding and aggregation of TDP-43. Mo-
lecular dynamics simulations have been successfully used to
explore denatured states and folding intermediates of pro-
teins (19–22). The use of advanced sampling methods and
the inclusion of experimental data as structural restraints
allow sampling of low-populated states in shorter simulation
time and provide an accurate representation of the system
(23–31). Here, we used these approaches to characterize
the structure of the partially folded state of TDP-43 RRM2.
MATERIALS AND METHODS

TDP-43 RRM2 structure preparation

The structure of RRM2 of TDP-43 used in the simulation, residues 189–

261, was obtained from the deposited NMR solution structure (PDB:

1WF0). Wild-type mutations S191R, G192K, and G200E were introduced

in the sequence of RRM2 using the Mutator plugin (v. 1.3) of Visual Mo-

lecular Dynamics (VMD) (32). The resulting structure was solvated using

GROMACS (33–36) with 37,000 water molecules in a dodecahedron water

box (1140 nm3), containing 5 Naþ ions to enforce charge neutrality.
NMR assignment of TDP-43 RRM2

Backbone chemical shifts of TDP-43 RRM2 at 6 M concentration of urea

were collected as previously described by Mackness et al. (B.C. Mackness,

B.R. Morgan, L.M. Deveau, S.V. Kathuria D.T., F.M., and J.A.Z., unpub-

lished data) (Biological Magnetic Resonance Data Bank (BMRB): 27549).
Simulation protocol

Molecular dynamics simulations of the RRM2 of TDP-43 were performed

in GROMACS using the Amber03W force field (37) with the TIP4P05 wa-

ter model (38). The equations of motion were integrated using the LINear
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Constraint Solver constraints to allow a time step of 2 fs (39). The van der

Waals interactions were implemented with a cutoff distance of 0.9 nm, and

the particle mesh Ewald method was used to treat electrostatic interactions

with periodic boundary conditions (40). All simulations were carried out in

the canonical ensemble at constant volume, and temperature was main-

tained with the Nos�e-Hoover thermostat (41).

A 30 ns unfolding trajectory at 450 K was preliminarily collected, starting

from the solvated structure described above, to obtain four starting conforma-

tions for the replica-averagedmetadynamics (RAM) simulations (42,43). The

Ca root mean-square deviation (RMSD) of the resulting structures varies be-

tween 2.5 and 3 Å. Each conformation was subsequently relaxed at 300 K for

10 ns. PLUMED2 (44) and GROMACS were used to perform the RAM sim-

ulations using chemical shifts as replica-averaged restraints (43,45) and bias-

exchangemetadynamics (42). Four replicas of the systemwere run in parallel

at 300Kwith restraints fromexperimental data applied at each time step to the

averagevalues of theNMRchemical shifts calculatedwith theCamshift algo-

rithm (46,47).A force constant of 12 kJ/(mol , ppm2)was used, and the chem-

ical shifts of proline, glycine, aspartate, glutamate, and histidine residueswere

not included in the simulations (19). The experimental chemical shifts were

collected at 6 M urea, and at this concentration of urea, the intermediate state

is in fast exchangewith the unfolded state. Thus, themeasured chemical shifts

are the population-weighted average of the two states (B.C. Mackness, B.R.

Morgan, L.M. Deveau, S.V. Kathuria, D.T., F.M., and J.A.Z., unpublished

data). The population of the unfolded state is estimated to be less than 5%

(B.C. Mackness, B.R. Morgan, L.M. Deveau, S.V. Kathuria, D.T., F.M. and

J.A.Z., unpublished data). Each replica of the systememployed ametadynam-

ics approach to bias a collective variable (CV), with exchanges between the

replicas attempted every 50 ps according to a replica-exchange scheme (48).

The CVs used in the simulations were calculated as described:

� Total a-helical content (aC): the ALPHARMSD module of PLUMED2

was used, with a rational switching function (49) (r0 ¼ 0.08 nm,

n ¼ 8, m ¼ 12).

� Total b-sheet content (bC): the ANTIBETARMSDmodule of PLUMED2

was used, with a rational switching function (49) (r0 ¼ 0.08 nm, n ¼ 8,

m ¼ 12).

� Radius of gyration (Rg): the GYRATION module of PLUMED2 was

used.

� Number of hydrophobic contacts within the ILV cluster (#ILV): the

CONTACTMAP module of PLUMED2 was used. The presence of

each of the eighteen contacts identified between isoleucine, leucine and

valine residues for the native state of the RRM2 of TDP-43 (16,17)

was evaluated using a rational switching function (49) with r0 ¼
0.6 nm for the distance between the Cb atoms of each pair of residues.

Gaussians deposition was performed with an initial rate of 0.125 kJ/mol/ps,

where the s values were set to 0.46, 0.32, 0.006, and 0.34 nm, for aC, bC,

Rg, and #ILV, respectively. The s values were obtained as the average fluc-

tuations of each CV from unbiased simulations.
RAM simulations analysis

The RAM simulations were analyzed using the METAGUI plugin of VMD

(50). Configurations corresponding to the partially structured states of

RRM2 were grouped in microstates by dividing the four-dimensional CV

space in hypercubes (50). The free energy of the microstates was then

computed with the Weighted Histogram Analysis Method technique

(51,52). These microstates were clustered (53) to identify the energy basins

in the free-energy landscape of RRM2 (Fig. S4). For each conformation, the

difference from the structure of the native state was calculated and shown as

RMSD of the Ca in Fig. S13.

As previously described (19), the convergence of the sampling was as-

sessed by monitoring the differences of the free energies at increasing simu-

lation length during the simulations. After the first 570 ns, the free-energy

landscapes for each CV were stable below 2 kJ/mol (Fig. S2), and thus the

sampling was converged.
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Hydrophobic ILV contacts for the structures resulting from the simula-

tions were estimated as the amount of surface area buried between a pair

of residues: SASAa þ SASAb�SASAa þ b, with a and b being ILV residues

and SASA being the solvent-accessible surface area of the side chain of res-

idue a, residue b, and residues a and b together. The presence of an ILV con-

tact was computed using VMD as 1 if two residues have at least 45 Å2 of

buried surface area and 0 otherwise (17). The probability of an ILV contact

was calculated as the occurrence of the contact in the microstates of each

basin.

Aggrescan3D (54) calculations were performed using the Aggrescan3D

server with a distance of aggregation analysis of 5 Å. 25 structures for each

basin were uploaded to the server and the average value and standard devi-

ation of each residue were used for graphical representation.
RESULTS AND DISCUSSION

We used RAM simulations (42,43) with backbone chemical
shift restraints and bias-exchange metadynamics to charac-
terize the partially folded state of TDP-43 RRM2. The
bias-exchange metadynamics approach employed in our
simulations consisted of performing four metadynamics
simulations in parallel on different replicas of the system,
with each simulation biasing a different CV as was previ-
ously described (19). At each timestep, chemical shift re-
straints from experimental data collected for Ca, Cb, N,
and HN for the intermediate state at 6 M urea concentration
(BMRB: 27549) were applied to the ensemble of the four
replicas. Mackness et al. (B.C. Mackness, B.R. Morgan,
L.M. Deveau, S.V. Kathuria, D.T., F.M., and J.A.Z., unpub-
lished data) have shown that at 6 M concentration of urea,
the population of this partially folded state is similar to
that of the native state, �50%. In this study, we characterize
the structure of this partially folded state of TDP-43 RRM2
that is present under native conditions but sampled with low
frequency. The application of the chemical shift restraints
collected for the intermediate state at 6 M urea increases
the frequency of sampling of this partially folded state,
but the free-energy landscape calculated from the simula-
tions does not correspond to what would be observed under
native conditions.

The use of chemical denaturant in general, and urea in
particular, is a common approach to investigate protein sta-
bility and the mechanism of unfolding (55). An earlier study
of the unfolding of chymotrypsin inhibitor 2 has shown that
MD simulations performed in the presence of 8 M urea at
60�C or in water at 125�C (above the protein melting point)
display the same unfolding mechanism (56). The two simu-
lations collected under different unfolding conditions were
reported to yield similar partially folded intermediate states,
sharing the same amount of secondary structure. A greater
protein nonpolar SASA, however, was reported for the con-
formations collected in the urea simulations than in water
(56). It is reasonable, therefore, to expect that the structural
features of conformations obtained from our RAM simula-
tions will be representative of the ensemble of structures
observed in aqueous solution, although the relative statisti-
cal weight of each state will not be accurate.
In another study, Mielke et al. (57) showed that reference
random-coil chemical shifts collected in 8 M urea for 13Ca
and 13Cb have modest to negligible differences to those
collected in aqueous solution. These results suggest that
the chemical shift differences observed for TDP-43 at 6 M
urea compared to native conditions arise mainly from
conformational changes rather than solvent effects.

Appropriate choice of the collective variable is essential
to guarantee proper sampling of the energy landscape
(58–60). We chose the following CVs: the total a-helical
content, the total b-sheet content, the radius of gyration
(Rg), and the number of hydrophobic contacts of ILV resi-
dues. The secondary structure content and Rg were chosen
because fluctuations of secondary structures and volume
capture the relevant structural changes sampled by a protein
(19). In addition, the amount of secondary structure and the
Rg of the folding intermediate state are significantly
different from that of the native state in TDP-43 RRM2
(RN

g ¼ 1:4150:01 nm; RI
g ¼ 2:3450:04 nm) (16; Mack-

ness, B.R. Morgan, L.M. Deveau, S.V. Kathuria, D.T.,
F.M., and J.A.Z., unpublished data). The fourth CV was
chosen to be the number of hydrophobic contacts within
the ILV cluster (#ILV contacts) because a large cluster of
12 ILV residues in RRM2 provides an essential core of
folding stability in this domain (16,17). With the approach
described in the Materials and Methods, we collected a total
of 2500 ns of simulation time, and we obtained a free-en-
ergy landscape within a statistical uncertainty <2 kJ/mol
for free energies up to 10 kJ/mol (Fig. S2).

The collected simulations showed an effective sampling
of the conformation space, with the resulting conforma-
tions spanning a wide range of values of the CVs: a-heli-
cal and b-strand content was sampled between 0 and 20%,
Rg between 1 and 3.1 nm, and #ILV contacts between
0 and 16 (Fig. S3). From the trajectories, we calculated
the free-energy landscape of TDP-43 RRM2 as a function
of the four CVs (Figs. 1 and S4). The resulting free-
energy landscape revealed six energy basins (Figs. 1 and
S4; Table S1).

The ensemble of conformations in the major basin, iden-
tified as A, shares most of its structural features with the
native state of TDP-43 RRM2, including hydrogen bonds
and contacts between ILV residues of the b-sheet and be-
tween Leu 207 in helix a1 with hydrophobic residues in
b1, b2, and b4 (Figs. 2 and 3; Table S1). Unlike the native
state, Leu 243 in helix a2 loses interaction with b4, but it
interacts with Val 193 in b1 (Figs. 2 and S5). This conforma-
tional change reflects the different hydrogen bonds pattern
within a2 and thus the reduced stability of the helix
compared to the native state (Fig. 3).

Microstates from basins B and C (Fig. 1; Table S1) share
several common structural features, including Rg and
b-sheet content, and display an overall decreased structure
and compactness compared to the native state and cluster
A (Fig. 1). Both basins B and C are characterized by a
Biophysical Journal 115, 1673–1680, November 6, 2018 1675



FIGURE 1 Characterization of the free-energy landscape of the partially

folded states of TDP-43 RRM2. The two-dimensional free-energy land-

scape is shown as a function of two of the four collective variables used

in the RAM simulations, b-sheet content and number of hydrophobic con-

tacts. Representative structures are shown for the basins with statistical

weights greater than 10%.

FIGURE 3 Residual structure of the microstates in the partially folded

state of the TDP-43 RRM2. A comparison of the average probability of

hydrogen bonds formation in the microstates corresponding to the basins

shown in Fig. 1 (above diagonal) with the native state (below diagonal)

is shown. A schematic representation of the secondary structure elements

of the native state is depicted on top of each map. To view this figure in

color, go online.
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structural core formed by b1, b3, and a1 (Fig. 3), with a sta-
ble b-sheet formed by b1 and b3 (Fig. 3). In cluster C, how-
ever, b4 and b5 merge into an elongated strand (Fig. 1) that
only forms a marginally stable parallel pairing with b1, not
FIGURE 2 Residual structure of the microstates in the partially folded

state of TDP-43 RRM2. ILV cluster contact maps for RRM2 are displayed

on the secondary structure elements of the native state of the RRM2. a-he-

lices and b-strands are depicted as cylinders and arrows, respectively. Sec-

ondary structure elements are colored as solid if the structure is present in

the microstate. Isoleucine, leucine, and valine residues are shown as gray

circles, and ILV contacts are depicted as dashed lines. To view this figure

in color, go online.
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supported by any hydrophobic ILV contacts (Figs. 2 and 3).
A structural reorganization from b-strand to a-helix of res-
idues 216–219, part of b2 in the native state, is observed
with higher probability in basin C than B (Figs. 3 and S6).

Basin D is the most-extended and least-structured cluster
of microstates (Fig. 1). The microstates in cluster D show a
high degree of structural disorder, with a1 and a short non-
native transient a-helix formed by residues 218–221 as the
only stable secondary structural elements (Figs. 3 and S6).
Long-range hydrophobic contacts within the ILV cluster
are limited to the interaction of Val 195 with Leu 207 and
Leu 243 (Fig. 2). Basin E and basin F represent low-popu-
lated states with no significant structural differences from
cluster A (Fig. S7) but more relaxed packing, as indicated
by the lower #ILV contacts and larger SASA (Fig. S8).

In summary, the free-energy landscape of TDP-43 RRM2
consists of six basins segregated in three separated regions
in the CV-space (Fig. 1) with progressive loss of secondary
structure and hydrophobic contacts, suggesting a likely path
toward unfolding. The first region includes basins A, E and
F, the microstates with the highest content of secondary
structures and most similar to the native state. The second
region, formed by basins B and C, represents conformations
of RRM2 that maintain a compact structure (Rg � 1.2 nm)
and several features of the topology of the native state
(a1, b1, and b3) but have lost several secondary structural
elements (a2, b2, b4, and b5). The last region, basin D, con-
tains the most extended and the least structured microstates
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of RRM2: with the exception of a1 and a short transient
a-helix formed by residues 218–221 (Figs. 3 and S6), these
microstates resemble a random coil conformation.

To validate the results of the RAM simulations, we calcu-
lated the backbone chemical shifts of each conformation
using the software TALOSþ (61), a different algorithm
than the one used in the RAM simulations. We observed
good agreement with chemical shifts measured at 6 M
urea (Fig. S9). An Rg of 2.34 5 0.4 nm was estimated
for TDP-43 RRM2 from small angle x-ray scattering data
collected at 6 M urea (B.C. Mackness, B.R. Morgan, L.M.
Deveau, S.V. Kathuria, D.T., F.M., and J.A.Z., unpublished
data). The presence of chemical denaturant in the small
angle x-ray scattering experiments is likely to favor less-
compact conformations of RRM2 with a larger hydrophobic
SASA than our RAM simulations collected in a traditional
water box without denaturant (56). The Rg values and the
calculated backbone chemical shifts for basin D, which
includes the most extended conformations of RRM2, are
consistent with the experimental data collected at 6 M
urea (Fig. S10). We predict these extended conformations
of basin D to be significantly more populated at high con-
centrations of denaturant.

To assess a role for these partially folded states of RRM2
in TDP-43 proteinopathies, we estimated the aggregation
propensity of the microstates in each basin. We employed
the Aggrescan3D (54) (A3D) server to predict the aggrega-
tion propensities of each residue in the partially folded states
of RRM2 corresponding to the energy basins described
above. The results for the native state (Fig. S11; Table S2)
show that A3D identified only two aggregation-prone resi-
dues (A3D score >1): Phe 221 and Ile 249. A3D predicted
additional regions of RRM2 to have significant propensity to
aggregate (Fig. 4) in the partially folded states of RRM2
(Table S2).
In basin A, two additional residues are found to be aggrega-
tion prone in b3 and b5 (Fig. 4; Table S2) as a result of their
increased exposure to the solvent due to the less-stable pairing
between theb-strands.Conformations frombasinsB andCare
predicted to have additional aggregation-prone residues (five
in basin B and nine in basic C, respectively) in regions that
are part of strands b2, b3, b4, and b5 in the native state (Fig. 4).

The increased exposure of the hydrophobic residues in
cluster B and C compared to the native state reflects the
reduced b-content of these microstates because strands b2,
b4, and b5 are not included in the b-sheet but are sampling
a random coil conformation (Figs. 2 and 3). In accordance
with the lack of secondary structures in energy basin D, con-
formations in this cluster are predicted to have several
aggregation-prone residues, otherwise structured in the
native state (Fig. 4). Based on the structural analysis of the
microstates identified in our RAM simulations, we observed
that the hydrophobic cluster centered aroundVal 193,Val 195
(b1), and Val 232 (b3) (Fig. 2) is critical for the stability of ba-
sin A, B, C, E, and F. We predict that decreasing the hydro-
phobic moiety of these key residues through mutagenesis
(i.e., V193AorV195AorV232A), thus disrupting the hydro-
phobic cluster, will destabilize states from basins A, B, C, E,
and Fmore than the states of basin D andwill increase the ag-
gregation propensity of the mutant variants.

The most significant feature that emerges from the A3D
analysis is the increased aggregation propensity for strands
b3, b4, and b5 in the partially folded states of TDP-43 RRM2
relative to the native state. Strands b3 and b5 were found to
be prone to fibril formation and able to form two-dimen-
sional sheet-like fibrils resembling that of the amyloid fibril
protofilaments in in vitro studies that used different synthe-
sized peptide sequences from RRM2 (12). Moreover, recent
work has shown that peptides corresponding to RRM2 res-
idues 247–257 (b4 and b5) are able to form fibrils in vitro
FIGURE 4 Partially folded states of the TDP-43

RRM2 exhibit increased predicted propensity to

aggregation compared to the native state. The

aggregation propensity of each residue in the

RRM2 is shown as the Aggrescan3D score for

the microstates corresponding to the basins shown

in Fig. 1. Positive values correspond to aggrega-

tion-prone residues, and negative values corre-

spond to soluble residues. Residues predicted as

aggregation-prone in the native state are identified

with a *. A schematic representation of the second-

ary structure elements of the native state is de-

picted on top of each plot. To view this figure in

color, go online.
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through polymorphic assemblies (62). Remarkably, the
structures of the partially structured states found in this
RAM simulation study share several traits with the trun-
cated variant of RRM2 lacking strand b1 and part of helix
a1 found in cytoplasmic aggregates from patient tissues
(8). Indeed, the truncation of RRM2 increases the solvent
accessibility of hydrophobic residues, which could serve
as a platform for aggregation (21).
CONCLUSIONS

In conclusion, we employed RAM with NMR chemical
shifts as experimental restraints to characterize the struc-
tures of sparsely populated and partially folded states of
TDP-43 RRM2 at equilibrium with the native state. To
populate significantly the partially folded states that are
otherwise transient under native conditions, we used exper-
imental data collected at high concentration of urea (6 M),
and we calculated the free-energy landscape of RRM2.
We determined the three-dimensional structures of six en-
sembles of states that correspond to six distinct energy
basins in the free-energy landscape. Basins B, C, and D
(Fig. 1) show the loss of several elements of secondary
structure (b3, b4, b5, and a2) that can expose several cleav-
age sites, making the protein more susceptible to truncation
(11,63). A common feature of these partially folded confor-
mations is the exposure to the solvent of the highly hydro-
phobic peptide regions located on strands b3, b4, and b5
that are aggregation-prone. Previous studies had shown
that short peptides carrying the sequence of strands b3, b4,
and b5 assemble under physiological conditions in long
straight sheet-like fibrils (12,62).

Our results provide, to our knowledge, new insights into
the mechanisms underlying TDP-43 proteinopathies, pro-
posing a role in fibrogenesis for the transient partially folded
states of RRM2. These states may have a role in the function
of TDP-43, for example, by increasing the exposure of the
nuclear export signal (64) (residues 239–250; Fig. S12)
buried in the native state or by facilitating interactions be-
tween the prion-like C-terminal domain and other proteins.
However, upon environmental changes such as oxidative
stress (65), RNA depletion (66), or TDP-43 overexpression,
the usually low-populated partially folded states of RRM2
can be sampled with higher frequency, increasing the proba-
bility of generating toxic truncated forms of TDP-43 (10–14)
and triggering self-aggregation by exposure to the solvent of
the aggregation-prone strands b3, b4, and b5 (12,62). In addi-
tion, non-native conformations of TDP-43 can be irreversibly
sequestered in cytoplasmic fibrils, seeded by the pathogenic
truncated C-terminal fragments of TDP-43 (67).
SUPPORTING MATERIAL

Thirteen figures and two tables are available at http://www.biophysj.org/

biophysj/supplemental/S0006-3495(18)31063-4.
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Basin statistical weight (%) Rg (nm) β content (%) α content (%) # ILV contacts
A 37.3 1.15±0.02 12.8±1.7 11.8±3.1 10.2±0.7
B 11.5 1.20±0.02 7.2±1.3 11.2±2.2 5.7±0.6
C 10.7 1.24±0.03 6.7±0.6 12.6±1.3 3.4±0.4
D 10.6 1.61±0.25 1.9±0.8 14.2±1.5 1.8±0.8
E 4.8 1.20±0.02 10.0±0.7 12.9±3.0 8.0±0.4
F 0.5 1.18±0.01 13.0±0.2 11.4±2.2 7.7±0.4

Table S1: TDP-43 RRM2 Free energy landscape

native state
β2:Phe 221
β4:Ile 249

partially unfolded states

basin A, E, F

β2:Phe 221
β3:Phe 229
β4:Ile 249
β5:Ile 253

basin B
β2:Phe 221
β3:Phe 229 and Phe 231
β4:Ile 249 and Ile 250

basin C

β2:Phe 221
β3:Phe 229 and Phe 231
β4:Leu 248, Ile 249 and Ile 250
β5:Ile 253, Val 255 and Ile 257

basin D

β1:Phe 194
β2:Val 220 and Phe 221
β3:Phe 229, Phe 231 and Val 232
α2:Ile 239
β4:Leu 248, Ile 249 and Ile 250
β5:Ile 253, Val 255 and Ile 257

Table S2: TDP-43 RRM2 aggregation prone residues. List of residues with an A3D score > 1 for the native state (PDB ID:
1WF0) and partially folded conformations of TDP-43 RRM2 obtained from the RAM simulations. The residues are organized
according to their location in the native state.
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Figure S1: Structure of the native state of TDP-43 RRM2. Top: the structure of TDP-43 RRM2 with secondary structures
depicted as red α-helices and blue β -strands. Bottom: sequence of TDP-43 RRM2 with schematic representation of the
secondary structures.
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Figure S2: The convergence of the free energy calculations is evaluated by considering the free energy change as a function of
the simulation time. The free energy change is calculated as the difference between the free energy at time t-t0 and the free
energy at time t, where t0 is 13 ns.
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Figure S3: The values of the four collective variables employed in the RAM simulation as function of time are reported for one
of the four replicas. A red line indicates the value of the collective variable for the native state in each plot.
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Figure S4: Characterization of the free energy landscape of the partially folded states of the RRM2 of TDP-43. Two-dimensional
free energy landscapes as a function of two of the four collective variables used in the replica-exchange metadynamics
simulations.
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Figure S5: Native ILV cluster contact map for RRM2 is displayed on the secondary structure elements of the native state of the
RRM2. α-helices and β -strands are depicted as red cilinders and blue arrows. Secondary structure elements are colored as
solid if the structure is present in the microstate. Isoleucine, Leucine and Valine residues are shown as gray circles and ILV
contacts are depicted as dashed lines.
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Figure S6: Secondary structures in the partially stable states of TDP-43 RRM2. The probability of each residue being in an
α-helix or a β -strand is shown as computed by the DSSP algorithm(1) for the microstates in basin A (a), B (b), C (c) and D (d).
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Figure S7: Residual structure of the microstates in the partially folded state of the RRM2 of TDP-43. Comparison of the
average probability of hydrogen bonds formation in the microstates corresponding to the basins E and F (above diagonal) with
the native state (below diagonal). A schematic representation of the secondary structure elements of the native state is depicted
on top of each map.
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Figure S8: Solvent accessible surface area of the partially folded states of TDP-43 RRM2. The SASA of RRM2 (all residues)
and of the hydrophobic residues (Ala, Leu, Val, Ile, Pro, Phe, Met, Trp ) are shown for the microstates corresponding to the
energy basins. The horizontal lines in the plot indicate the values for the native state.
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Figure S9: Comparison of the experimental Cα and Cβ chemical shifts with the values backcalculated using TALOS+(2) for
the microstates obtained from the RAM simulations. The values are shown as weighted average over the entire ensemble of
structures in the energy landscape.
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Figure S10: Correlation of the backcalculated Cα (a) and Cβ (b) chemical shifts for basin D with the experimental data
collected at 6 M urea.
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Figure S11: The aggregation propensity of each residue in RRM2 is shown as the Aggrescan3D(3) score for the native
state. Positive values correspond to aggregation-prone residues, negative values correspond to soluble residue. A schematic
representation of the secondary structure elements of the native state are depicted on top of the plot.
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Figure S12: Solvent accessible surface area of the partially folded states of TDP-43 RRM2. The SASA of the nuclear export
signal (NES, residues 239-250) region is shown for the microstates corresponding to the energy basins. The horizontal lines in
the plot indicate the value for the native state.
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Figure S13: The Cα root-mean-square deviation (RMSD), relative to the native state, for each conformation in the energy
basins is shown as a box and whisker plot.
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