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Abstract 

T-cell intracellular antigen-1 (TIA-1) plays a pleiotropic role in cell homeostasis through the 

regulation of alternative pre-mRNA splicing and mRNA translation by recognising uridine-rich 

sequences of RNAs. TIA-1 contains three RNA recognition motifs (RRMs) and a glutamine-rich 

domain. Here, we characterise its C-terminal RRM2 and RRM3 domains. Notably, RRM3 

contains an extra novel N-terminal α-helix (α1) which protects its single tryptophan from the 

solvent exposure, even in the two-domain RRM23 context. The α1 hardly affects the thermal 

stability of RRM3. On the contrary, RRM2 destabilises RRM3, indicating that both modules are 

tumbling together, which may influence the RNA binding activity of TIA-1. 

Highlights 

► The extra N-terminal α-helix of TIA-1 RRM3 is oriented in the two-domain RRM23 context. 

► RRM3 is substantially destabilized by RRM2. ► TIA-1 RRM2 and RRM3 are tumbling 

together, with implications in RNA binding. 
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CD, circular dichroism; MD, molecular dynamics; NMR, nuclear magnetic resonance; PRD, 

prion-related domain; RMSD, root mean square deviations; RMSF, root mean square 

fluctuations; RRM, RNA recognition motif; SG, stress granules; TEV, tobacco etch virus; TIA-1, 

T-cell intracellular antigen-1;  XRD, X-ray diffraction 
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1. Introduction 

Human T-cell intracellular antigen-1 (TIA-1) is a DNA/RNA binding protein (D/RBP) involved in 

transcriptional and post-transcriptional regulation of eukaryotic gene expression. TIA-1 

modulates gene transcription rates in the nucleus by binding DNA [1] and [2] and regulating 

the alternative pre-mRNA splicing of ca. 15% of human exons [3], [4], [5] and [6]. 
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TIA-1 proteins at the cytoplasm control the turnover of mRNAs and/or repress their 

translation. Outstanding TIA-1 targets encode tumor necrosis factor alpha (TNFα) and 

cytochrome c (Cc), among others [7], [8], [9], [10] and [11]. These mRNAs frequently bear 

adenine- and uridine-rich elements (AREs) in their 3′-untranslated regions (3′-UTRs) that bind 

trans-acting protein factors such as TIA-1 [10] and [12]. In response to environmental stress, 

TIA-1 promotes the assembly of a non-canonical preinitiation complex, in the cytoplasmic 

stress granules (SG), repressing the translation of these ARE-containing mRNAs [13] and [14]. 

In addition, the controlled aggregation of TIA-1 depends on the TDP-43 protein [15]. 

The role of TIA-1 in the control of cell death is of outstanding interest. In fact, TIA-1 seems to 

act as an apoptosis-promoting factor by controlling the alternative splicing of an mRNA 

encoding the membrane-bound form of the Fas receptor [6] and binding Cc-coding mRNA 

within SG, thereby precluding its degradation at processing bodies [9]. In fact, mice lacking TIA 

proteins show higher rates of embryonic lethality [16] cell proliferation and angiogenesis [17], 

suggesting that TIA-1 acts as a tumour suppressor. 

TIA-1 is a ubiquitous 46-kDa multi-domain D/RBP that contains three RNA recognition motifs 

(RRMs), along with the prion-related domain (PRD), rich in glutamine, at the C-terminal end 

(Fig. S1 at Supplementary Data). Both PRD and the N-terminal RRM (RRM1) participate in the 

recruitment of U1snRNP [4]. Additionally, RRM1 associates with single-stranded DNA 

molecules (ssDNA) [1] but not with ssRNA [18]. In its turn, the second RRM domain (RRM2) is 

necessary for the RNA-binding activity of TIA-1 by the uridine-specific sequence recognition 

motif, whereas the C-terminal RRM domain (RRM3) binds weakly to ssRNA [18], [19] and [20]. 

RRM domains adopt a canonical β1α1β2β3α2β4 topology and contain two well-conserved 

consensus sequences, named RNP2 ([I/L/V]-[F/Y]-[I/L/V]-X-N-L) and RNP1 ([K/R]-G-[F/Y]-[G/A]-

[F/Y]-[I/L/V]-X-[F/Y]), placed at β1 and β3 strands, respectively. The RNA binding site includes 

three aromatic side-chains located within these two RNPs. Canonical RRM domains use the β-

sheet surface and one or two additional loops to bind RNA targets. However, several RRM-RNA 

complexes bind RNA or proteins in a different manner, owing to non-canonical secondary 

structure extensions in the N- or C-terminal domain [21]. Recently, a new type of RRMs – 

named quasiRRMs (qRRMs) and identified in the hnRNP-F – shows a completely different 

mode for RNA recognition involving protein loops in RNA binding [22]. 

Given that TIA-1 is implicated in critical cellular events, exploring the domain rearrangement of 

TIA-1 protein along their biophysical properties would be highly valuable to understand the 

pleiotropic role of TIA-1 in the control of cell homeostasis. Notably, the RRM2 structure, as 

well as the identification of its RNA targets, has already been solved by NMR and XRD [23] and 

[24]. Within this frame, this work suggests that both RRM2 and RRM3 domains of TIA-1, which 

are connected by a 22-residue linker (Fig. S1 at Supplementary Data), do not behave 

independently in solution. Furthermore, RRM3 shows an extra N-terminal α-helix, which 

protects its single tryptophan from the solvent exposure, even in the two-domain RRM23 unit 

context. 

2. Materials and methods 
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2.1. Site-directed mutagenesis of TIA-1 RRM constructs 

Isolated RRM2 and RRM3 modules, along with RRM23 – the two-domain in tandem – were 

constructed by PCR from the plasmid containing full-length TIA-1 [18], as described in 

Supplementary Data. 

Design of the RRM2 mutants replacing tryptophans by phenylalanines, along with the RRM3-

Δα1 mutant, which lacks the N-terminal α-helix, was designed as explained in Supplementary 

Data. 

2.2. Protein expression and purification of TIA-1 RRM constructs 

Recombinant TIA-1 RRM domains, shown in Fig. S1 and previously cloned in pET11 vector, 

were expressed in E. coli BL21 (DE3) cells as followed in Supplementary Data. 

Samples were concentrated to 0.1–0.4 mM in 20 mM potassium phosphate (pH 7.0) with 200 

mM KCl, 150 mM MgCl2 and 1 mM DTT. Protein concentration was determined using 

spectrophotometry with predicted extinction coefficients. All molecular weights of the TIA-1 

constructs used in this work were verified by MALDI-TOF spectroscopy. 

2.3. Circular dichroism spectroscopy 

All circular dichroism (CD) spectra were recorded on a Jasco J-815 spectropolarimeter, 

equipped with a Peltier temperature-control system, using a 1-mm quartz cuvette. The 

secondary structure analyses were carried out by recording their far-UV CD spectra (190–250 

nm) as explained in Supplementary Data. 

Thermal unfolding was monitored between 280 and 373 K following a protocol described in 

Supplementary Data. For all these assays, the TIA-1 species at 10 μM final concentration were 

solved into 20 mM sodium phosphate (pH 7.0) with 5 mM KCl and 5 mM MgCl2. 

 

2.4. Fluorescence measurements 

Emission spectra were monitored using a Perkin-Elmer LS-5 fluorimeter equipped with a 

water-thermostat cell holder. Ten micromolar of isolated RRM2 and RRM3 and 10 μM of 

RRM23 were solved into 20 mM sodium phosphate (pH 7.0) with 200 mM KCl, 150 mM MgCl2 

and 1 mM DTT. Then, they were incubated with increasing amounts of GdnHCl (1–6.5 M) 

concentration for 1 h at 293 K before recording the spectra (see Supplementary Data). 

2.5. Modelling and molecular dynamics 

Molecular dynamics (MD) computations were performed on the structure of the RRM3 domain 

of TIA-1 – along with the structure of the RRM3-Δα1 mutant – which was modelled as 

described in Supplementary Data. 

Detailed MD protocol is explained in Supplementary Data. 

3. Results 
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3.1. TIA-1 RRM3 shows an extra N-terminal α-helix 

The crystallographic structure of the human TIA-1 RRM2 [24] shows a quasi-canonical RRM 

adopting the well-described βαββαβ topology (Fig. S1 at Supplementary Data). However, it 

shows a new loop connecting two β-strands (β2 and β2′) that plays a role in binding uridine-

rich stretches [23]. 

We have obtained a homology model of the structure of human TIA-1 RRM3 (Fig. S1). 

Surprisingly, this model displays an extra, short α-helix at its N-terminal end, named α1. The 

sequence alignment of RRM3 from different species indicates that α1 is highly conserved 

among kingdoms (Fig. S1). 

Our homology model is in a good agreement with the secondary structure contents for TIA-1 

constructs. Fig. 1 shows the normalized far-UV CD spectra of RRM2, RRM3 and both C-terminal 

RRM domains in tandem (RRM23). Notably, the different domains only show minor differences 

in their global secondary structures, as summarised in Table S1 at Supplementary Data. In fact, 

RRM3 and RRM23 domains show helical compositions significantly larger than that of RRM2. 

This finding can be attributed to the trend of the N-terminal amino acid sequence of RRM3 to 

form a helix. Such kind of re-arrangement may also be present in the two-domain construct. 

To corroborate the amino-acid sequence involved in the N-terminal α-helix formation, the 

mutant RRM3-Δα1 was designed. Indeed, the deletion of three well-conserved residues placed 

at N-terminal α1-helix (Glu193–Val194–Val195 stretch) is sufficient to decrease the α-helix 

content of RRM3 down to a value similar to that found for RRM2 (Table S1). 

To test the structural model further, we subjected RRM3 and RRM3-Δα1 to MD calculations. 

Results are summarised in Fig. 2. At 298 K, root mean square deviations (RMSD, Fig. S2) from 

the energy-minimised WT and Δα1 domain cores are 1.6 Å and 1.3 Å, respectively. The largest 

atomic fluctuations – measured as root mean square fluctuations (RMSF) – map at the end 

terminus linker, loop regions within the RRM domain, and the C-terminus (Fig. 2A). Notably, α1 

helix remains unaltered and keeps its position along the trajectories reckoned at 298 and 398 K 

(Fig. 2B). Analysis of the trajectories showed that strand β4, which lies near α1, is the less 

stable regular element of the domain. In fact, this strand is lost during the simulations 

performed at 398 K (Fig. 2B). 

3.2. TIA-1 RRM3 is destabilised by RRM2 

Given that TIA-1 RRM3 is extended by helix α1 at its N-terminus (Fig. S1 and Table S1), we 

tested whether this fact affects the thermal stability of the domain. CD spectroscopy indicates 

that the loss of α1 has no consequences on protein thermal stability. Actually, RRM3 and 

RRM3-Δα1 show identical values for the midpoint melting temperature (Tm) (Fig. 3A and B). 

Interactions between neighbouring RNA binding domains within an RBP influence their 

structure and stability [25]. To test a putative interaction between RRM3 and the adjacent 

RRM2 of TIA-1, we have performed thermal unfolding studies on the single modules and the 

two-domain construct. CD data shows that the Tm for isolated RRM2 (333.5 ± 1.05 K; Fig. 3C) is 

substantially lower than the one for RRM3 (Fig. 3A or 3B). Notably, the unfolding curve for 

RRM23 (326.8 ± 0.4 K; Fig. 3D) cannot be reproduced by lineal combination of the curves for 
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the individual domains, as might be in the absence of interactions between them. In fact, the 

respective Tm values of RRM2 and RRM3 are ca. 6 and 22 K higher than that of RRM23. This 

clearly indicates that inter-domain interactions are taking place [25]. Intriguingly, such an 

interaction substantially destabilises RRM3. 

3.3. The N-terminal α-helix of TIA-1 RRM3 partially protects its tryptophan from exposure to 

solvent in the presence of RRM2 

Fig. 4A shows the fluorescence emission spectra of TIA-1 constructs. Whereas RRM2 and two 

C-terminal domains in tandem RRM23 have the maximum fluorescence intensity at 354 and 

352 nm respectively, the isolated RRM3 shows a maximum at 308 nm. This indicates that 

tryptophan residues are well-exposed to the aqueous solvent in the native structure of RRM2 

and RRM23, which have four and five tryptophans, respectively. However, the single 

tryptophan placed at RRM3 – Trp272 – was buried in the protein core. These results are 

consistent with the human TIA-1 RRM2 structure [23] and the homology model built for TIA-1 

RRM3 herein proposed. Actually, Fig. S1 shows how Trp272 anchors the end of strand β4 to 

the domain core formed by helices α1 and α3. 

For the RRM3-Δα1 mutant, the fluorescence maximum shifts to 325 nm, indicating that α1 is 

partially occluding Trp272 (Fig. 4A). Although Trp272 is partially buried in both, RRM3 and 

RRM3-Δα1, the aromatic residue is slightly more solvated in RRM3-Δα1 mutant than in the 

wild-type species. In fact, the side-chain of this residue shows 8.9 Å2 exposed surface in RRM3, 

whereas it increases up to 11.8 Å2 in the RRM3-Δα1. Fig. 2C displays the radial distribution 

functions of water molecules around Trp272. A well-structured first solvation sphere is 

observed for this residue in RRM3 and RRM3-Δα1 structures, containing, on average, 3.2 and 

4.7 water molecules, respectively. 

On the other hand, GndCl-induced transition curves of the RRM3 and the mutant RRM3-Δα1 

show no differences in the midpoint GndCl concentration (Cm) of unfolding transitions, by 

recording the fluorescence intensity at 350 nm (Fig. 4B and C). Actually, Cm values are 

identical: 4.54 M ± 0.02 M and 4.52 ± 0.02 M for RRM3 and RRM3-Δα1 species, respectively. 

To corroborate whether the relative orientation between the additional α-helix of RRM3 and 

Trp272 remains unchanged in the two-domain construct, we designed an RRM23 mutant in 

which four out of its five tryptophans – Trp80, Trp147, Trp160 and Trp170 – were replaced by 

phenylalanines, following the same strategy as before [26]. Consequently, only Trp272 located 

at RRM3 remains at the RRM23 mutant, named RRM23-Trp272. As a result, the fluorescence 

emission spectrum for the RRM23-Trp272 almost overlaps with that of the RRM3 (Fig. 4A). In 

fact, both the 308-nm maximum and the intensity in fluorescence signal of RRM23-Trp272 are 

close to the ones observed for the isolated RRM3. This indicates that Trp272 remains buried 

into the core of RRM23 construct as part of the TIA-1 protein. Interestingly, tryptophan-by-

phenylalanine substitutions present in RRM23-Trp272 mutant have no significant effects on its 

secondary structure with regard the RRM23 (Table S1). Moreover, the RRM23-Trp272 mutant 

behaves as RRM23 in terms of stability with a Tm value of 325.1 ± 2.4 K (Fig. 3D and E). 
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As expected from a two-domain construct, chemical denaturalization performed by the 

addition of increasing GndCl concentration (1–6.5 M) results in a sigmoidal transition curve 

with a Cm significantly larger than that observed for the single RRM3 (5.50 ± 0.01 M), 

suggesting that tandem domains are more resistant to denaturation by chemical agents. 

4. Discussion 

Our results suggest the presence of an extra N-terminal α-helix – named α1 – as part of the 

RRM3 domain of TIA-1. This α1 at the N-end is surprisingly well-conserved among kingdoms, so 

it might be performing a common function. α1-extended RRM3 does not match with the 

canonical topology reported for classical RRMs although changes in the number and order of 

the secondary structure elements in RRM domains have been extensively reported. For 

instance, the C-terminal RRM of La and U1A snRNP proteins is extended by an α-helix that lies 

on the β-sheet surface [27] and [28]. Similarly it happens for the CstF-64 protein, which also 

has another short α-helix at the N-terminus, in addition to that at the C-terminal end [29]. 

Noteworthy, this helix is adjacent to the first β strand so it shows a different orientation in 

comparison to that of α1 in TIA-1 RRM3. In addition, the middle RRM domains of PTB protein 

show a β-sheet constituted by five β-strands [30]. These changes in the RRM topology are 

involved in RNA–protein and/or protein–protein interactions. 

Of interest is the role that this novel helix α1 of RRM3 plays in the context of the full-length 

TIA-1 protein. Thermal denaturation studies on RRM3 wild-type and on the mutant lacking the 

helix α1 (RRM3-Δα1) reveal that α1 is not clue for protein stability. Moreover, Trp272 placed at 

RRM3-β4 seems to be partially buried by the protein core – mainly by α3 – as well as by α1, as 

shown in Fig. 5A. Indeed, when RRM3 looses α1, the fluorescence measurements and MD 

simulations indicate that Trp272 is less protected from solvent exposure. It is worth to 

mention that the relative orientation between α1 and the domain core containing Trp272 

remains unchanged in the two-domain RRM23 construct, as the fluorescence spectrum of 

RRM23-Trp272 almost overlaps with that of RRM3. 

The presence of hydrophobic interactions between amino acids pairs Leu189–Leu255 and 

Val194–Ala252 (Fig. 5A), which are burying Trp272 of exposed surface, seems to stabilise the 

interaction among the secondary structure elements α1, α3 and β4. Actually, α1 is well-

compacted onto the domain core, as inferred from the space-filling representation (Fig. 5B). 

Recent structural studies show that not only the β-sheet surface but also the loops and other 

extra non-canonical secondary elements can be crucial for nucleic acid or protein recognition 

[23]. The human U11/U12-65 K protein of the spliceosome contains an extension in the N-

terminal tail which supports the appropriate folding of the protein and orientation of RNA-

binding elements [31]. Within this frame, the orientation of the well-conserved extra helix α1 

of RRM3 in the full-length TIA-1 context and the fact that Trp272 has remained unchanged 

from kingdoms during evolution could play the key to understand the role of TIA-1 in the 

RNA/protein recognition events. 

The analysis of RRM structures solved to date shows that two consecutive RRMs separated by 

a linker can interact with each other forming a compact unit, which can be induced by the 

presence of RNA/DNA, but also occurs in the absence of it [32]. In this study, the thermal 

unfolding analyses reveal that RRM3 is the most stable RRM domain of TIA-1 protein. The 
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unfolding studies of isolated C-terminal RRM domains and the tandem RRM23 have revealed 

substantial differences in terms of thermal stability of RRM3 when RRM2 is part of the same 

construct. In fact, RRM3 decreases its thermal stability in ca. 20 K in the RRM23 tandem. These 

data help to explain that both single domains RRM2 and RRM3 of human TIA-1 do not operate 

independently in solution. Therefore, it is tempting to speculate that this modular interaction 

between RRM2 and RRM3 might be focused in the RNA binding activity of TIA-1 similarly to 

what previously observed for RRM3–RRM4 domains of PTB protein [32] and the two N-

terminal RRM domains of the homologous yeast Pub1 protein [33], in order to create a high-

affinity RNA-binding unit. Lastly, contacts between RRM2 and RRM3 in TIA-1 may be key to 

stabilise a suitable conformation that can adapt to the changes in the direction of the RNA 

chain inside the highly structured 5′ splice site of exon 6 of RNA encoding the Fas receptor 

and/or 3′-UTRs, as was proposed for the central K-Homology domains of KH-type splicing 

regulatory protein (KSRP) [25]. Still, additional structural studies will help us to understand the 

properties of the novel extra helix α1 in RRM3 and the rearrangement between both C-

terminal RRM domains of TIA-1 within RNA/DNA binding context. 
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Figure captions 

Figure 1. Far-UV (190–250 nm) CD spectra of different TIA-1 domain constructs. RRM domains 

are represented as follows: RRM2 in dotted line, RRM3 in solid line and RRM23 in dashed line. 

Figure 2. MD calculations. (A) Diagram of RRM3 average structure. Worm radius is proportional 

to atomic fluctuations (RMSF). RMSF values lower than 0.7 Å are coloured from yellow to 

orange, and those between 0.7 and 6.0 Å are coloured from orange to red. (B) Secondary 

structure timelines for RRM3 (left) and RRM3-Δα1 (right) at 298 K (upper) and 398 K (lower). 

Turns are in gold yellow, α-helices in red, π-helices in orange, 310 helices in pink and β-bridges 

are in blue. (C) Radial distribution functions of water molecules around Trp272. 

Figure 3. Far-UV 230 nm-CD signal of RRM3 (A), RRM3-Δα1 (B), RRM2 (C), RRM23 (D) and 

RRM23-Trp272 (E) recorded during thermal denaturation experiments. The fitted curves of 

unfolding are represented by continuous lines, and they are superimposed on experimental 

data (black dots). Transition midpoints are marked by dashed lines. 

Figure 4. Fluorescence measurements of TIA-1 constructs (A) Fluorescence intensity of native 

TIA-1 domain constructs: RRM2 (− · · −; dash dot dot line), RRM23-WT (− · −; dash dot line), 

RRM3 (· · · · · ; dotted line), RRM3-Δα1 (− − −; dashed line) and RRM23-Trp272 (—; solid line). 

(B–D) Guanidine chloride-induced unfolding curves of RRM3 (B), RRM3-Δα1 (C) and RRM23-

Trp272 (D) by recording changes at the 350-nm fluorescence signal. The fitted unfolding curves 

are represented in solid line, and they are superimposed on experimental data (black dots). 

The denaturant concentration at half-completion of the transition is marked by dashed lines. 

Figure 5. Close-up of the TIA-1 RRM3 structural model. (A) The classical RRM fold is in orange 

highlighting α1 in blue and α3, in green. Side-chains of Gln197, Ser198, Cys203, His248 and 

Trp272 are represented in CPK coloured-code. Hydrophobic interactions between amino acids 

pairs Leu189–Leu255 and Val194–Ala252 are shown in magenta and yellow, respectively. (B) 

Space-filling representation of the TIA-1 RRM3 is shown in the same orientation as on (A) and 

180°-rotated. The same coloured-code than in (A) is used for the secondary structure 

elements. Trp272 is shown in grey. 

  



14 
 

Figure 1 

 

 

  



15 
 

Figure 2 

 

  



16 
 

Figure 3 

 

  



17 
 

Figure 4 

 

  



18 
 

Figure 5 

 

 


