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TIA1, a protein critical for eukaryotic stress response and stress
granule formation, is structurally characterized in full-length form.
TIA1 contains three RNA recognition motifs (RRMs) and a C-terminal
low-complexity domain, sometimes referred to as a “prion-related
domain” or associated with amyloid formation. Under mild condi-
tions, full-length (fl) mouse TIA1 spontaneously oligomerizes to
form a metastable colloid-like suspension. RRM2 and RRM3,
known to be critical for function, are folded similarly in excised
domains and this oligomeric form of apo fl TIA1, based on NMR
chemical shifts. By contrast, the termini were not detected by NMR
and are unlikely to be amyloid-like. We were able to assign the
NMR shifts with the aid of previously assigned solution-state shifts
for the RRM2,3 isolated domains and homology modeling. We
present a micellar model of fl TIA1 wherein RRM2 and RRM3 are
colocalized, ordered, hydrated, and available for nucleotide bind-
ing. At the same time, the termini are disordered and phase sep-
arated, reminiscent of stress granule substructure or nanoscale
liquid droplets.
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T cell intracellular antigen-1 (TIA1) has multiple roles within
cells, including a critical role in stress granule (SG) formation

during eukaryotic cellular stress response (1–3) and translation
regulation (4–6). SGs appear in cells exposed to stressors, such as
pH, oxidation, and temperature changes, and contain stalled
preinitiation RNA–protein complexes. They have been hypoth-
esized to act as a decision point in mRNA processing by helping
to guide homeostasis-restoring protein expression or begin ap-
optosis. Although sometimes associated with misfolded protein
aggregates, SG components dissolve and regain function more
quickly than other aggregates after the stress is removed (7).
TIA1 has three RNA recognition motifs (RRM1, RRM2,
RRM3) known to bind RNA with relatively little sequence
specificity. TIA1 has a C-terminal low-complexity domain (LCD)
enriched with asparagine and glutamine that has been referred
to in the literature as a prion-related domain (PRD) because of
its sequence similarity to amyloid- or prion-forming proteins.
Proteins associated with SGs have also been linked to several
human diseases, some characterized as protein misfolding dis-
orders. A mutation within the LCD of TIA1 is the diagnostic
marker for Welander distal myopathy (8, 9), and several other
TIA1 mutations are linked to amyotrophic lateral sclerosis (10).
Despite its importance, little is known about the full-length (fl)

or oligomeric form(s) of TIA1 or about the LCD. The RRM
domains have been structurally characterized (11–13), giving
insight into structure, dynamics, binding, and function. Several
excised TIA1-RRM domain constructs were characterized with
small-angle scattering and liquid-state NMR; the LCD was ex-
cluded from the constructs used in prior published structural
studies (11, 13). NMR was used to solve the structure of TIA1-
RRM1 (Protein Data Bank [PDB] ID code 5O2V), TIA1-RRM2

bound to the dinucleotide UU-RNA (PDB ID code 5O3J), and
TIA1-RRM2,3 (PDB ID code 2MJN). RRM1 appears to con-
tribute little to RNA binding, which may be explained by the
negatively charged residues in the RNP1 motif within RRM1. A
model of rigid RRM domains with flexible linkers was used to
interpret scattering data and show that RRM2 and RRM3 as-
sociate more closely with each other and more so after RNA
binding than with RRM1. However, the effects of the LCD on
the fl structure have remained elusive due to experimental
challenges.
It has been reported that the LCD of TIA1 can cause phase

separation (14). In vivo, phase separation of groups of func-
tionally related, locally concentrated proteins and nucleic acids
(14) is believed to lead to the formation of membraneless or-
ganelles (biomolecular condensates), such as stress granules
(15). Many cellular condensates contain proteins with RNA-
binding domains, including Cajal bodies, P bodies, and SGs
(15). Misregulation of phase separation has been implicated in
several human disease-related functions (8, 9).
Many proteins with LCDs also spontaneously partition into

separate phases or form gels at high concentrations in vitro,
potentially providing a model for in vivo phase separation. The
in vitro systems share important properties with the corre-
sponding in vivo systems. Both can undergo transitions and dis-
play a continuum of mechanical properties from liquid-like
droplets to glassy (16), solid-like particles. Liquid–liquid droplets
are typically micrometer, morphologically spherical domains that
exhibit liquid-like dynamics in their rapid recovery from photo-
bleaching and solution-state NMR spectra (17). Many liquid
droplets or condensates in vitro are metastable and transform
over time (16, 18) in a process referred to as hardening or
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maturation (7, 10, 16, 19). Analogously, membraneless organ-
elles can undergo transitions in vivo during regulated maturation
processes (15, 20, 21). Thus, it has been suggested that mis-
folded, amyloid-like fibrils and aggregates form during matura-
tion of the membraneless organelles (7), suggesting a role for
condensates in templating the formation of disease-related fibrils
(22). Furthermore, the multiphase in vitro suspensions can be
compared to colloids, in that they are homogeneously distributed,
stable multiphase suspensions whose formation is controlled by
salt concentration, viscogens, and temperature. However useful
these analogies are, it is important to note that the in vitro systems
are, of course, highly simplified compared to the in vivo situation.
The in vivo systems are subject to important biological control
over their formation and dissolution and include many other
components such as nucleic acids and other proteins.
The LCD/PRD of TIA1 has primary sequence similarity to the

better-characterized SUP35 prion protein and is also similar to
other amyloid-forming proteins (23–25). Atomic force and
electron microscopy (EM) have been used to show that TIA1
forms fibers under some conditions (26, 27). Congo red and
thioflavin T binding assays have been used to suggest TIA1 forms
a cross-β amyloid (26, 28). Sup35 and FUS are proteins with a
domain structure and an LCD analogous to TIA1; both have
been reported to form amyloids (29). Alternatively, it has been
hypothesized that the LCD in multidomain proteins can be un-
folded (intrinsically disordered) even in the functional form and
that oligomerization might be driven by nonspecific intermo-
lecular interactions between several LCDs on different mono-
mers (7, 30, 31). A dominant hypothesis in the literature has
been that the LCD induces disease-related amyloid formation.
Many proposed functions of TIA1, such as RNA sequestration
into SGs (16), raise the question of whether the RRM domains
are folded in the condensates or high-order oligomeric forms.
Here we report structural studies of fl apo TIA1 prepared

without the use of harsh solvents or denaturants. High-order
oligomeric systems such as amyloid fibrils are often challenging
systems for traditional structural biology methods. However,
solid-state NMR (SSNMR) and EM have been powerful tools
for studying these systems. We characterize fl TIA1 with EM and
SSNMR to test for the presence of a solid-like phase (fibril), a
liquid-like phase (intrinsically disordered protein), or some other
structure. We address which domains are folded or ordered,
which are solvent exposed, and whether the oligomeric structure
is compatible with binding at the RRMs. The answers to these
intensely debated questions have consequences for future studies
of biomolecular condensates.

Methods
To avoid expression into inclusion bodies and the need for denaturants
during purification, we added a tobacco etch virus protease (TEV) cleavable
His6-SUMO solubility tag to the C terminus. After immobilized metal affinity
chromatography purification, the solubility tag was cleaved. Final purifica-
tion of TIA1 was done in high ionic strength buffers to limit oligomerization.

The suspension oligomerized TIA in the NMR buffer was pelleted and
packed into 3.2 mm Bruker-style rotors by centrifugation. NMR experiments
were conducted on a 900 MHz Bruker Avance II, a 750 MHz Bruker Avance I,
or a 750 MHz Bruker NEO spectrometer. At each field, a 3.2 mm Bruker Efree
HCN probe was used. The set temperature was 258 ± 5 K, and the magic-
angle spinning frequency was 16.666 kHz. A full description of the methods
is in SI Appendix.

Results
We recombinantly expressed and purified fl Mus musculus
(mouse) TIA1 (SI Appendix, Scheme S1) in high yield (>20 mg/
L) using mild conditions as described in Methods. Concentrated
solutions of TIA1 (>0.5 mg/mL) at pH 6.8 and near physiological
ionic strength (50 to 300 mM sodium chloride) tended to sepa-
rate into a protein-rich phase and an aqueous phase without
substantial protein over a few hours. The TIA1-enriched phase

scattered light and was denser than the surrounding solution, as
shown in Fig. 1C. The separation (monitored by scattering) was
accelerated by stirring or agitation. The protein-enriched phase
could be sedimented with excellent yield using gentle centrifu-
gation (gravity overnight with no agitation or with moderate
centrifugation as described in Methods); no residual soluble
TIA1 in the supernatant was detected by ultraviolet-visible
spectroscopy. The phase separation is reversible; dilution and
gentle agitation or an increase in ionic strength rehomogenize
the solution. The fact that the protein sediments at low g force
suggests that under these mild aqueous conditions, the fl protein
forms a high-order oligomer. The dense protein phase following
centrifugation is reminiscent of a metastable colloid-like sus-
pension. It forms reversibly in a manner dependent on cosolutes,
appears to have dispersed particles, and is stable for many hours.
We think of the TIA1 samples prepared in this way as colloidal
homo-oligomeric apo (absence of RNA) wild-type full-length
mouse TIA1 and refer to this kind of preparation whenever dis-
cussing fl TIA1 (unless otherwise specified). While the properties
in many ways resembled colloids, they were a poor match for
amyloid fibrils or disordered precipitates, as elaborated below.
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Fig. 1. (A) Domain structure of TIA1. (B) RRM1 (yellow), RRM2 (purple), and
RRM3 (red) homology models are based on PDB ID code 2CQI and PDB ID
code 2MJN. (C) Scattering (normalized absorbance) of 550 nm light by an
∼2 mg/mL fl TIA1 solution. The solution became opaque after 5 to 10 h. The
data were fit (red) with the Hill equation with a Hill coefficient of 7. Images
taken before and after show an increase in opacity. (D) Negatively stained
electron micrographs of TIA1. Fibrils were not observed. Instead, we ob-
served irregular oligomers. In some micrographs, disklike or spherical par-
ticles with clear, oligomeric substructures were observed, such as in the inset
expansions. (Magnification: 3×.)
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Negatively stained transmission EM of fl TIA1 did not show
fibrils. Our stained EM images consistently gave evidence of
nanometer-scale, irregular protein deposits, consistent with the
proposal that the protein is present in oligomeric form (Fig. 1D).
A relatively small fraction of observed particles presented with a
circular (spherical or disk) morphology, suggestive of oligomers
with at least six to eight copies visible in the focal plane.
The high-field, multidimensional SSNMR spectra of fl TIA1

show segments that are exceptionally well ordered on an atomic
scale. There are many resolved peaks with narrow linewidths in
cross-polarization (CP) based 13C–13C correlation spectra of
U–

13C,15N TIA1 (Fig. 2 A–F). The 13C NMR peaks show dis-
persion within typical amino acid chemical shift ranges (32),
indicating the presence of mixed secondary structures, including
helix and sheet. The spectra show no substantial batch-to-batch
variation (SI Appendix, Fig. S3), peak doubling, or other spectral
indications of polymorphism and were stable for weeks under
experimental conditions. Together, these data indicate that some
segments of TIA1 are homogeneous and well ordered in the
oligomers.
We counted the resolved peaks within the characteristic

chemical shift ranges of several amino acids to estimate the
number of specific amino acids that are ordered or folded. In the
two-dimensional (2D) 13C–13C spectra the following are partially
or fully resolved: 11 Ala, 11 Gly, 10 Pro, 11 Thr, 11 Ser, 11 Val,
and 12 Phe. Phe peaks were resolved in a sample labeled with

only 13C,15N Phe and 15N Val (see SI Appendix, Fig. S4). Ala
peaks were additionally resolved in a sample labeled with only
13C Ala, 15N Gly, and 15N Tyr (see SI Appendix, Fig. S5).These
selectively labeled samples corroborated the finding from the
uniform sample in all cases. Assuming that these observed peaks
arise from a contiguous segment of the primary sequence, the
minimum length subsequence that can explain these residues
spans approximately residues 110 to 298, including RRM2 and
RRM3 but not RRM1 or the LCD (Fig. 2G). We hypothesize,
therefore, that a contiguous segment including RRM2,3 is folded
and ordered in fl TIA1. AG and AY amino acid pairs are found
in only TIA1 in the RRM1 and LCD; we selectively labeled and
detected these sites to further probe the outer domains. We were
not able to detect these pairs after double CP selection (with an
incoming gas to control the sample temperature at 263 K), likely
because of residual motions and possibly from peak broadening
due to disorder in these domains. The 13C[15N] rotational-echo,
double-resonance (33) difference spectrum of the AG/AY se-
lectively labeled fl TIA1, however, revealed broad peaks in the
coil or sheet region (see SI Appendix, Fig. S6) (32). In aggregate
these observations support the idea that RRM1 and LCD are
dynamic and possibly polymorphic.
To test our hypothesis that RRM2 and RRM3 are folded in fl

TIA1, we confirmed whether our NMR spectra agreed ade-
quately well with known structures and spectra of a RRM2,3
construct. We compared the chemical shifts for fl TIA1 to those
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Fig. 2. (A–F) Solid-state NMR 13C–13C CP MAS spectra of apo fl U–13C,15N TIA1 (spontaneously oligomerized as described in the text) expanded to highlight
specific amino acids. Solution-state NMR chemical shift positions of the RRM2,3 excised domains (11) are indicated with circles (purple: RRM2, orange: RRM3,
black: loop between RRM2 and RRM3). Generally, the chemical shifts of the fl TIA1 match those of the excised RRM2,3 domains. Blue arrows point to a few
experimental peaks that do not agree well with RRM2,3 peaks from excised domains. The mixing time was 20 ms, and the magnetic field was 21.1 T [ν0(1H) =
900 MHz]. Lowest contours are at 3.5× RMS noise, and others are 1.25× higher. (G) We identify a contiguous amino acid construct within fl TIA1 that could
explain the number of resolved experimental peaks for specific amino acid types in these spectra. The number of residues needed is plotted as a function of
the assumed beginning residue number (assuming a single contiguous observable segment). A construct beginning near residue 110 is the minimum construct
needed to explain all peaks; if the construct were to begin after residue 130, several peaks would be unexplained. The minimum length segment needed to
explain the observed peaks spans RRM2 and RRM3. Comparison of assigned chemical shifts in the 13C–13C DARR spectrum of fl TIA1 with those from two
structural models. (H) Probability densities of the deviation between measured and predicted chemical shifts using Gaussian kernel density estimation. The
chemical shifts from the isolated RRM domains match well shifts observed here for apo fl oligomeric TIA1 (blue). Most observed chemical shifts for apo fl
oligomeric TIA1 are not compatible with a random coil (orange). (I) The difference between experimental C⍺ chemical shifts and those predicted for a random
coil model (Poulsen’s intrinsically disordered protein chemical shifts) is large (rejecting the IDP model) for RRM2 and RRM3 but small for the linker between
them, suggesting that this segment is unstructured in the apo fl oligomeric TIA1. The locations of helix and sheet segments are shown schematically.
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observed or predicted for the folded globular RRM domains. We
compared our results to published solution-state NMR chemical
shifts for the human RRM2,3 construct wherever the residues
are identical in human and mouse (11, 13). To account for the
three mutations that differentiate the mouse sequence used here
(SI Appendix, Fig. S7) and the human sequence in the RRM2,3
regions used in solution NMR studies, the missing data were
predicted. A homology model was constructed using Schrödinger
Prime (34), and chemical shifts were predicted from the ho-
mology model using ShiftX2 (35), a machine learning–based tool
that predicts chemical shifts with rms errors for N, C⍺, and Cβ as
low as 1.1, 0.44, and 0.52 parts per million (ppm), respectively.
The predicted or previously reported shifts for RRM2 and
RRM3 align well with the experimental peaks, as shown in Fig. 2
and SI Appendix, Fig. S8.
The following assignment procedure was used to compare the

predicted and experimental peaks: 1) If there were no experi-
mental peaks close to a predicted peak (within 0.6 ppm for 13C
and/or 1.5 ppm for 15N), the predicted peak was considered
unobserved and unassigned. Most of the unobserved peaks arose
from RRM1 and the LCD, while a few arose from presumably
mobile segments such as loops in the solution RRM2,3 structure.
2) The remaining predicted peaks were matched to the experi-
mental peaks as follows: 1) If a predicted peak was within 0.6
ppm for 13C and 1 ppm for 15N of an experimental peak and no
other predicted peaks were within this range, the pair was con-
sidered to match, and the peak was considered to be assigned. 2)
If a predicted peak was near the experimental peak but there
were other predicted peaks and/or experimental peaks in the
same range, these were considered to be ambiguously matched
or ambiguously assigned. In these cases, we looked for other
expected correlations elsewhere in 2D or 3D datasets (listed in
Methods) to provide additional evidence for the assignments. An
example of a backbone walk based on NCACX and NCOCX 3D
data is shown in Fig. 3. An overview of the residues that were
identified in the 3D experiments is shown in SI Appendix, Fig. S10.
Overall, 113 residues with residue numbers between 105 and 298
had sites classified as unambiguous based on multidimensional

correlations and the above scheme, while 67 residues were
ambiguously assigned. For the RRM2,3 domains, the rmsd
between the predicted shifts and the shifts assigned in the
13C–13C dipolar assisted rotational resonance (DARR) spectra
alone was 0.2 ppm, as shown in Fig. 2H. This excellent agree-
ment indicates with high confidence that the RRM2 and RRM3
domains have the same fold in fl TIA1 as in globular, isolated
domains. We also compared the assigned chemical shifts to
random coil shifts, and only the loop segment connecting
RRM2 and RRM3 was compatible with an unfolded model (see
Fig. 2I).
If the C-terminal LCD had formed amyloid-like fibrils, many

of the residues in this segment would be expected to be ordered
and detectable in CP magic-angle spinning (MAS) experiments.
Furthermore, they would be expected to have chemical shifts
consistent with β-sheet secondary structure (32). We did not
observe these residues or a preponderance of β-sheet amino
acids. Thus, we concluded that the NMR signals of the LCD are
poorly detected in fl TIA1, presumably because this domain is
dynamic on an intermediate timescale (roughly 10 ms to 10 ns)
and, in particular, is not an ordered, amyloid-like species. For
further comparison, we prepared a TIA1 construct containing
only the LCD (TIA1-LCD) analogously to the fl with a cleavable
solubility tag. As shown in Fig. 4, the 13C-13C SSNMR spectrum
of TIA1-LCD (295 to 387), prepared comparably, has many
broad and unresolved peaks, suggesting a high amount of static
disorder. Interestingly, there are many peaks in the TIA1-LCD
sample not found in fl TIA1 spectra. These data indicate that the
excised LCD in our hands does not recapitulate the structure
and dynamics of the LCD in fl TIA1. We therefore did not study
the TIA1-LCD domain further.

Discussion
Full-length TIA1 is shown to form a dense colloidal-like phase
stably and reversibly. The reproducible NMR spectra of fl TIA1
(SI Appendix, Fig. S3) exhibit strong CP MAS SSNMR signals
from the RRM2 and RRM3 domains, indicating that these
functionally critical domains are ordered. By contrast, signals are
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generally missing for RRM1 and the LCD, indicating dynamic
disorder. Notably, these regions were also missing in insensitive
nuclei enhancement by polarization transfer-based sequences,
suggesting that the disorder is on too slow a timescale to detect
the signals by typical solution NMR methods (e.g., longer than
low nanosecond), while too fast for typical solid-state NMR
methods (e.g., faster than long millisecond timescale). Chemical
shifts for RRM2 and RRM3 are similar to those of the previously
studied corresponding soluble domains, indicating these domains
are folded and likely functional in the fl apo form. Moreover,
residues in RRM2 and RRM3 generally exhibit a single narrow
NMR peak for each site, consistent with our suggestion that
these domains are well ordered. These data suggest that apo fl
TIA1 is not necessarily prone to forming amyloids under mild
buffer conditions.
It is surprising that the LCD in the fl TIA1 does not present as

an amyloid but instead as a highly disordered species, given the
prior literature (26, 28). We see no evidence for cross-β or am-
yloid structures; indeed, NMR signals are mostly absent for the
LCD, suggesting a high degree of dynamic disorder. Our result
stands in stark contrast to studies of many other analogously
structured proteins. Yeast SUP35 (36) and URE2 (37); fungal
HET-S (38); and human TDP-43 (39, 40), FUS (29), and RIPK1/
RIPK3 (41) all contain functional RRM or kinase domains and
an LCD. These systems have been demonstrated to aggregate
into amyloids or prions. In most other studies, the other non-
amyloid (putatively functional) domains were disordered or un-
detected. The fact that TIA1 instead forms a reproducible dense
colloid-like phase with ordered, functional domains might be
related to sequence differences compared to the other systems
since fl TIA1 forms liquid–liquid separated droplets under other
conditions (42). We may have formed the specific phase de-
scribed here because of the mild sample conditions selected or
the lack of substrate.

Perhaps fl apo TIA1 with folded and functional RRM2 and
RRM3 domains, as described in this work, represents a different
stage of maturation than the amyloid forms and may serve as a
superior model for TIA1 in stress granules. Stress granules are,
of course, considerably more complex, in that they contain
multiple other proteins and nucleic acids, but nonetheless, the
observation of a stable oligomeric apo form is interesting in
terms of the process of stress granule formation. In one limiting
model, colocalization and condensation of TIA1 might be initi-
ated in cells when RRMs from different monomers initially bind
proximally on long RNA stretches. Subsequently, they may as-
sociate with RRMs from other TIA1 monomers (43). The LCDs
could then stabilize this complex by interacting with other LCDs
from different TIA1 monomers. The order of events is not firmly
known; it is also possible that the LCDs initiate oligomerization,
whereupon the colocalized RRMs have increased avidity for
RNA due to multivalence. The existence of the stable colloidal-
like homo-oligomeric apo fl TIA1 (in the absence of RNA) with
highly ordered and folded RRMs suggests that the latter hy-
pothesis (LCD-initiated, multivalent, high-avidity RRM–RNA
binding) is a plausible picture.
How might the well-folded RRM2,3 domains be compatible

structurally with the dynamically disordered RRM1 and LCD in
the same molecule? We propose that the organization of fl TIA1
may resemble a micellar structure, as illustrated in Fig. 5.
Liquid–liquid separation on the nanometer scale would drive the
formation of a structure with hydrated (SI Appendix, Fig. S11),
ordered RRM2,3 domains, separated from condensates of vis-
cous, disordered RRM1 and LCD domains. Our EM images
offer support for this, as no fibrils were observed under a range
of conditions, while there is evidence for semispherical oligomers
with at least 6 to 10 monomers and other irregular nanoscale
structures. The NMR data provide evidence of this model
through the differences in order and evidence of water accessi-
bility to the RRM domains.
Full-length TIA1 in the form described here, wherein the

functionally crucial RRM2,3 domains are folded, provides a
model for early stages of stress granule formation. A colloidal or
micellar structure is preferable to amyloids as a model for RNA
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Fig. 5. (A) Micellar model for the spatial organization of apo fl oligomeric
TIA1 consistent with EM and SSNMR. The RRM2 and RRM3 domains are
folded, functional, hydrated, exposed, and ordered. RRM1 and the PRD are
disordered and cause nanoscale phase separation but not fibril formation.
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binding and stress granule function because, in vivo, the SG can
be formed reversibly and is subject to regulation. Amyloids are
typically difficult to disassemble, whereas these dense colloid-
like solutions were reversibly formed in our hands. With the
stable experimental system and structural model reported here,
the stage is set for molecularly detailed follow-on studies of
structure, ligand binding, dynamics, and maturation.

Data and Materials Availability. Raw NMR data files, processing,
and analysis scripts are available upon request. All study data are
included in the article and SI Appendix.
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