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ABSTRACT

Alternative pre-messenger ribonucleic acid (pre-
mRNA) splicing is an essential process in eukary-
otic gene regulation. The T-cell intracellular antigen-
1 (TIA-1) is an apoptosis-promoting factor that mod-
ulates alternative splicing of transcripts, including
the pre-mRNA encoding the membrane receptor Fas.
TIA-1 is a multi-domain ribonucleic acid (RNA) bind-
ing protein that recognizes poly-uridine tract RNA se-
quences to facilitate 5’ splice site recognition by the
U1 small nuclear ribonucleoprotein (snRNP). Here,
we characterize the RNA interaction and conforma-
tional dynamics of TIA-1 by nuclear magnetic reso-
nance (NMR), isothermal titration calorimetry (ITC)
and small angle X-ray scattering (SAXS). Our NMR-
derived solution structure of TIA-1 RRM2-RRM3
(RRM2,3) reveals that RRM2 adopts a canonical RNA
recognition motif (RRM) fold, while RRM3 is preceded
by an non-canonical helix «0. NMR and SAXS data
show that all three RRMs are largely independent
structural modules in the absence of RNA, while RNA
binding induces a compact arrangement. RRM2,3
binds to pyrimidine-rich FAS pre-mRNA or poly-
uridine (U9) RNA with nanomolar affinities. RRM1
has little intrinsic RNA binding affinity and does not
strongly contribute to RNA binding in the context of
RRM1,2,3. Our data unravel the role of binding avidity
and the contributions of the TIA-1 RRMs for recogni-
tion of pyrimidine-rich RNAs.

INTRODUCTION

T-cell intracellular antigen-1 (TIA-1) is a ribonucleic acid
(RNA)-binding protein that is implicated in alternative
splicing regulation of various pre-messenger ribonucleic

acid (pre-mRNA), with diverse functions of the proteins en-
coded such as in sex determination in Drosophila or apopto-
sis, homeostasis and survival of motor neurons in humans
(1-3). Besides its role in alternative splicing, TIA-1 is able
to mediate and suppress mRNA translation by binding to 3’
untranslated regions marked by AU-rich elements (AREs)
in the cytoplasm during environmental stress (4-6). More
recently, TIA-1 has also been implicated in translational
control via binding to 5’ terminal oligopyrimidine-tract (5
TOP) RNAs (7-8).

TIA-1 has been identified as an apoptosis-promoting fac-
tor that mediates programmed cell death by associating with
the Fas-activated serine/threonine kinase (FAST-K) signal
pathway (9). TIA-1 promotes the inclusion of exon 6 during
splicing of human FAS pre-mRNA, which encodes a trans-
membrane protein that triggers programmed cell death. Al-
ternative splicing by skipping of FAS exon 6 results in a sol-
uble anti-apoptotic form of the Fas protein that is linked
to autoimmune responses (10) and systemic lupus erythe-
matosus (11). Pre-mRNAs targeted for splicing regulation
by TIA-1 harbor short uridine-rich (U-rich) stretches lo-
cated downstream of 5 splice sites (12-15). Upon binding
to these U-rich RNA motifs the TIA-1/RNA complex pro-
motes 5 splice site recognition by U1 small nuclear ribonu-
cleoprotein (snRNP) through the interaction with the Ul
snRNP-associated protein UIC (12). Phosphorylation of
TIA-1 by FAST-K has been shown to enhance the recruit-
ment of Ul snRNP to promote the inclusion of F4.S exon 6
(16).

TIA-1 and its close homolog TIA-1-related protein,
TIAR, have distinct expression patterns in different hu-
man tissues and cell lines (17-19). Both proteins are widely
expressed in cells and mediate splicing of their own pre-
mRNA (19-20). Two human TIA-1 isoforms, TIA-1a and
TIA-1b, show similar sub-cellular distribution and RNA
binding activity. The TIA-1a isoform has a 11 amino acid
insertion preceding RRM2, corresponding to a 386 residue
protein. TIA-1b lacks this insertion and displays enhanced
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splicing stimulatory activity compared to TIA-1a both in
vitro and in vivo (19). As the biological role of TIA-1b
has been well characterized by previous studies the present
study focuses on TIA-1b, which will be referred to as TIA-
1 from now on. TTA-1 encompasses 375 amino acids and
consists of three RNA recognition motifs (RRM1, RRM2
and RRM3) and a C-terminal glutamine-rich domain (Q-
rich domain) (Figure 1A and B), and the sequence align-
ment from different species are compared and aligned by
ClustalW2 (21) and by ESPript (22-23). In vitro binding
studies indicate that the three TIA-1 RRM domains have
different capacities to bind RNA (12,17,24-25). The cen-
tral TIA-1-RRM2 exhibits highest binding affinity towards
pre-mRNA targets but RNA binding is further enhanced by
the presence of RRM3. A recent study suggested a poten-
tial pH-dependent regulation of binding to AU-rich RNAs
involving a histidine residue in an N-terminal extension of
RRM3 (25). In contrast, TTA-1-RRM1 is thought to assist
the Q-rich domain to recruit the U1 snRNP-associated pro-
tein U1C by protein—protein interactions (12).

Recently,  individual-nucleotide  resolution  UV-
crosslinking and immunoprecipitation (ICLIP) experiments
have mapped the regions of TIA-1 binding to pre-mRNA
transcripts. The most frequent TIA-1 binding sites are
observed 10-28 nucleotides downstream of exon/intron
boundaries (26). A corresponding region downstream
of the 5 splice site of FAS intron 5 is thus relevant for
studying the protein—-RNA interaction of TIA-1 (Figure
1C). The presence and interactions with U1-C and the
base pairing of the Ul snRNA with the 5 splice site likely
influences the binding of TIA-1 to the pre-mRNA. Not
only uridine-rich stretches downstream but also upstream
of an exon mediate TIA-1 binding (2).

TIA-1 is a typical multi-domain RNA binding protein
where individual RNA binding domains connected by flex-
ible linkers cooperate in the recognition of target RNAs.
Understanding the contributions and interplay of the indi-
vidual domains is required to dissect the molecular mecha-
nisms of TIA-1 in the regulation of the Fas signal transduc-
tion pathway and apoptosis. So far, only experimentally de-
termined structures of the unbound TIA-1 RRM2 domain
have been reported by crystallography and NMR (27-28),
which showed that RRM2 adopts a canonical RRM fold.
The relative contributions and arrangements of the three
RRM domains and their role for RNA recognition are not
known. Using isothermal titration calorimetry (ITC) exper-
iments, Kielkopf et al. have recently demonstrated that FAS
intron 5 RNA exhibits two binding sites with comparable
affinities for TIA-1, and proposed that all three RRMs con-
tribute to high affinity binding to a poly-uridine RNA (U20)
(24). However, the sequence motifs recognized in the FAS
intron 5 RNA and molecular details are unknown.

Here, we have combined solution state NMR, ITC and
small angle X-ray scattering (SAXS) experiments to study
the structure, dynamics and RNA binding of TIA-1. NMR
relaxation data and chemical shift comparisons indicate
that, in the absence of RNA, the three RRMs of TIA-1 are
independent structural modules connected by flexible link-
ers. The solution structure of a tandem RRM2,3 construct
of TIA-1 (TIA-1-RRM2,3) reveals that RRM3 is unusual
as it represents a canonical RRM fold that is extended by

an N-terminal helix a0, consistent with previous secondary
structure analyses (29). While RRM2 and RRM3 tumble
independent from each other in the absence of RNA a uni-
form rotational correlation time is observed when bound
to an RNA ligand derived from FAS pre-mRNA intron 5.
SAXS analysis of RRM2,3 bound to this intron RNA lig-
and further demonstrates that the protein-RNA complex is
rigid and compact—in contrast to the free protein. A simi-
lar compaction of the overall domain arrangements is also
found for RRM1,2,3 upon binding to a U15 RNA ligand.
NMR and ITC experiments reveal that TIA-1-RRM2,3 has
two binding sites for a 16-mer FAS intron RNA and binds
with 1:1 stoichiometry and nanomolar affinity to a 10-mer
derived from the FAS intron RNA or to a U9 oligonu-
cleotide. RRMI1 has little intrinsic RNA binding affinity
and does not strongly contribute to UI5 RNA binding in
the context of RRM1,2,3. Our results show that the mul-
tiple RRM domains of TIA-1 are structural independent
modules in the absence of RNA, while RRM2,3 bind coop-
eratively to pyrimidine-rich RNA ligands.

MATERIALS AND METHODS
Sample preparation

Several TIA-1 constructs including RRM1 (residues 1-
92), RRM2 (residues 93-175), RRM3 (residues 195-274),
RRM2,3 (residues 93-274) and RRM1,2,3 (residues 1-274)
were selected according to previously described studies (12).
The amplified DNA fragments were sub-cloned into the
expression vector pETtrx_la vector (European Molecular
Biology Laboratory, Heidelberg, Germany) between Ncol
and Kpnl sites, as a fusion with an N-terminal His-tag, a
thioredoxin fusion tag and a TEV protease cleavage site. An
N-terminal extension construct of RRM3 named RRM3
(residues 187-274) was made to have a complete RRM3 do-
main of TTA-1 by insertion into a modified pETM-11 vec-
tor, including an N-terminal His-tag, a Z-tag and separated
by a TEV protease cleavage site. All recombinant proteins
were transformed into Escherichia coli strain BL21 (DE3),
except for RRM1, which was transformed into E. coli strain
Rosetta (DE3) for expression. Unlabeled, >N uniformly la-
beled, or '’N/13C uniformly labeled protein samples were
expressed by growing cells in Luria—Bertani (LB) medium
or M9 minimal medium (kanamycin 30 pwg-ml~!) supple-
mented with ’NH4Cl and '*C-glucose at 20°C overnight
after induction at ODgg of 0.6-0.8 with 0.5 mM IPTG. The
cells were harvested by centrifugation and resuspended in
buffer containing 50 mM sodium phosphate (pH 8.0) and
300 mM NaCl. The harvested cells were disrupted using
a homogenizer (Microfluidics), and cell lysate and super-
natant were separated by centrifugation at 45 000 x g for 30
min at 4°C. The supernatant protein was bound to Ni-NTA
resin (Qiagen) and subsequently washed by buffer with 10
and 20 mM imidazole, respectively to remove most protein
impurities, and then eluted with the same buffer contain-
ing 120 mM imidazole. Eluted protein was incubated with
TEV protease at room temperature overnight for fusion tag
removal. After buffer exchange to remove imidazole, a sec-
ond Ni-NTA affinity column was applied to separate solu-
bility tags from the tag free protein products. The tag free
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Figure 1. (A) Schematic representation of human TIA-1 domains. (B) Sequence alignment of TIA-1 and TIAR from different species. Original sequences
used in the analysis: residues 1-375 of Homo sapiens TIA-1, residues 1-377 of Mus musculus TIA-1, residues 41-427 of Xenopus laevis TIA-1, residues
1-342 of Danio rerio (zebrafish) TIA-1, residues 166-356 of Drosophila melanogaster TIA-1, residues 1-375 of Homo sapiens TIAR and residues 45-373
of Caenorhabditis elegans TIAR are compared and aligned by ClustalW2 (21) and plotted by ESPript 2.2 (22,23). The secondary structure indicated
corresponds to the solution structure of human TIA-1-RRM2,3. The RNP1 and RNP2 motifs are highlighted with gray background, the negatively
charged residue in RNP1 and the RXI/V/L motif of RRMI indicative of a potential UHM domain are shown with yellow background. The residues
in RRM3 helix a0 are colored orange. (C) Alternative splicing of human FAS exon 6. The putative TIA-1 binding region in FAS intron 5 indicated by a
double-arrow is predicted by iCLIP analyses, i.e. 10-28 nucleotides downstream of exon/intron boundaries. The GU motifs corresponding to 5 splice sites
in FAS intron 5 RNA are underlined in red. RNA sequences of the 16-mer pre-RNA ligand in FAS intron5 (fas_16) and a uridine-rich RNA (U9), used in
the present study are indicated.
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TIA-1 fragment was then purified by size-exclusion chro-
matography (HiLoad 16/60 Superdex 75, GE Healthcare
Biosciences). The purity of the subsequent eluted protein
was detected on a Coomassie-blue-stained sodium dode-
cyl sulfate (SDS) polyacrylamide gel (PAGE) and shown to
be higher than 95%. RNA oligonucleotides used for NMR
and ITC were purchased from Biospring GmbH, Frank-
furt (Germany) and/or IBA GmbH, Gottingen (Germany).
The final concentration of TTA-1 fragments and RNA were
checked by absorbance at 280 and 260 nm, respectively, us-
ing a NanoDrop 1000 spectrophotometer (Thermo Scien-
tific).

NMR spectroscopy

Spectra were acquired at 298 K using a AVIII500, AVIII600,
AVIII750, AVIIIS00 and a AVI900 Bruker NMR spec-
trometer, equipped with cryogenic or room temperature
(750 MHz) triple resonance gradient probes. Samples con-
tained 0.1-0.7 mM protein in 10 mM sodium phosphate
(pH 6.5), 50 mM NaCl, 10 mM DTT, 0.02% NaN; with
10% 2H>O added for the lock. All spectra were processed
using NMRPipe/Draw (30) and analyzed using Sparky
(31) and NMRView (32). Protein backbone assignments
for N, 'HN, BCe, BCP and 3C’ chemical shifts were
obtained from HNCACB, CBCA(CO)NH, HNCA and
HNCO experiments (33). Amino acid side chain resonance
assignments were obtained from standard HCCH-TOCSY,
HBHA(CO)NH (34), I°N- and *C-edited NOESY-HSQC
experiments. Aromatic resonances were assigned using 2D
'H-*C HSQC, HBCBCGCDHD, HBCBCGCDCEHE
(35) and NOESY spectra.

NMR relaxation measurements

To study the dynamical properties of protein free and bound
with RNA, NMR data were recorded at 298 K for 0.15
mM of TIA-1-RRM1,2.3 and 0.55 mM !*N-labeled TIA-
1-RRM2,3 protein free and bound to fas_16 RNA (ratio
1:2 of protein to RNA) on a 750 MHz NMR spectrom-
eter at 298 K, while data for 0.2 mM "N-labeled TIA-1-
RRM1,2,3 bound with U15 RNA (ratio 1:1.2 of protein
to RNA) were acquired on a 800 MHz Bruker NMR spec-
trometer. Amide 1N relaxation data of Ry, Ry,, and steady-
state heteronuclear {'H}-'>N-NOE experiments were per-
formed as described (36-37). R; data were measured with
10 different relaxation delays, 21.5, 86.5, 162, 248.4, 518.4,
609.6, 885.6, 1144.8, 1382.4 and 2160 ms, and R;, data
were determined by using nine delay points of 5, 15, 25, 40,
55, 80, 110, 140 and 200 ms for RRM2,3, RRM2,3 bound
to fas-16 RNA and free RRM1,2,3. For relaxation data
recorded by RRM1,2,3 bound to Ul5: R; data were mea-
sured with 13 different relaxation points and three redun-
dant delays, 21.6/21.6,43.2,86.4,172.8,259.2, 345.6/345.6,
518.4, 669.6/669.6, 885.6, 1080, 1296, 1512 and 1728 ms,
and R, data were determined by using 10 different delay
points together with two redundant delays of 5/5, 10, 15,
20, 30, 40, 50, 60, 80/80 and 100 ms. Duplicate time points
were used for error estimation. The transverse relaxation
rate R, for each residue was estimated by correction of the
observed relaxation rate Ry, with the offset Av of the rf field

to the resonance using the relation R, = Ry cos?0 + R,
sin’0, where # = tan~!(v;/Av). The correlation time ()
of the protein molecule was then estimated using the ratio
of averaged R,/R; values (38). Steady-state heteronuclear
{"H}-'"N-NOE spectra were recorded with and without 3 s
of 'H saturation. All relaxation experiments were acquired
as pseudo-3D experiments and converted to 2D data sets
during processing. The relaxation rates and error calcula-
tions were determined by using Sparky. The relaxation data
of the resonances of Phe’>~Leu!?? in RRM1,2,3 could not
be analyzed because the amide signals are not observed.

Small angle X-ray scattering experiments

30 wl of TIA-1-RRM2,3 (with and without fas_16 RNA)
complex sample and buffer were measured at 25°C at the
BioSAXS beamline BM29 at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France, using a
2D Pilatus detector. Ten frames with 2 s exposure time per
frame were recorded for each complex and buffer sample,

using an X-ray wavelength of A = 1.008 A. Measurements
were performed in flow mode where samples were pushed
through the capillary at a constant flow rate to minimize
radiation damage. Frames showing radiation damage were
removed prior to data analysis.

SAXS data reduction and integral parameters

For SAXS data collection and processing, the dedicated
beamline software BsxCuBE was used in an automated
fashion. The 1D scattering intensities of samples and
buffers were expressed as a function of the modulus of the
scattering vector Q = (4 /A)sin 6 with 260 being the scat-
tering angle and A the X-ray wavelength. Buffer intensities
were subtracted from the respective sample intensities using
PRIMUS (39). The radii of gyration R, of all samples were
extracted by the Guinier approximation with the same pro-
gram. The validity of the Guinier approximation, R, for Q
< 1.3, was verified and fulfilled in each case. R, was also cal-
culated as well as Dy, from pairwise distribution functions
using GNOM (40). All statistics are summarized according
to Jacques et al. (41) in Supplementary Table S1.

Structure calculation and validation

Automated assignments for the cross-peaks of '"N- and
13C-edited NOESY-HSQC spectra and structure calcula-
tions with torsion angle dynamics were done by using the
program CYANA 3.0 (42). The set of NOE distance re-
straints derived from CYANA as well as the ¢ and y back-
bone dihedral angle restraints derived from TALOS+ (43)
based on the chemical shifts were used for molecular dy-
namics simulated annealing and water refinement by us-
ing the program of RECOORD (44). The hydrogen bond-
ing restraints are applied based on the identification of
slow H/D exchange of amide protons by recording 'H,">N
HSQC NMR spectra of lyophilized protein after redisolv-
ing in 100% D,O. All structures were validated by using
iCing (45). Molecular images were generated with PyMol
(Schrodinger) and MOLMOL (46).
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NMR titrations

'H,">’N HSQC spectra of TIA-1-RRM2,3 titrated with
fas_16 and U9 RNA ligands were carried out to map the
RNA-binding region of the complex. 0.1 mM *N-labeled
TIA-1-RRM2,3 was titrated with increasing amounts of
RNA with various ratios of RNA to protein ranging from
0.2,0.4,0.6,0.8, 1.0, 1.2, 1.4 and 2.0 with fas_16, 0.05, 0.1,
0.2, 0.3, 0.4, 0.8 and 1.25 with U9, and 0.2, 0.4, 0.6, 0.8,
1.0, 1.2, 1.4 and 2.0 with fas_10 RNA. Similarly, 0.1 mM of
ISN-labeled TIA-1 RRM1,2,3 was titrated with increasing
amounts of U15 RNA (0.1, 0.2, 0.4, 0.8 and 1.2 ratios). All
measurements were acquired on a 600 MHz Bruker NMR
spectrometer at 298 K using the NMR buffer described
above. RNA oligonucleotides used for NMR titration were
purchased and used directly by dissolving in a small amount
of buffer without further purification. No pH change was
observed for the protein sample after RNA addition.

Isothermal titration calorimetry

All titrations were carried out using MicroCal 1TC200
calorimeters (Microcal, Northhampton, USA) at 25°C. To
be consistent with the condition used for structural study,
protein samples were dialyzed against NMR buffer with-
out DTT to decrease noise. Buffer from the dialysis was
used to resolubilize the RNA (BioSpring GmbH, Frank-
furt, Germany) and to provide a baseline as required. The
concentrations of 10 and 20 pM fas_16 and U9 RNA were
used to be titrated with 150-200 wM TIA-1-RRM2,3, re-
spectively. The reverse titrations were performed using 70—
75 uM fas_16 and/or U9 RNA adding into 10 uM TIA-1-
RRM2,3. Similar titrations were performed with RRM2,3
and fas_10 (concentrations used: 577 uM protein into 30
M RNA and 58 pM protein with 300 .M RNA for reverse
titration). For ITC measurements of RRM1,2,3 and U15,
300 pM UI15 RNA were used to titrate into 30 uM TIA-
I-RRM1,2,3, and the reversed titration was by ~170 uM
TIA-1-RRM1,2,3 adding into 15 wM U15 RNA. For each
titration of RRM2,3 with fas_16 or U9, 26 injections of 1.5
ml of titrant were made at 180 s injection intervals, and data
were collected at 25°C while stirring at 1000 revolutions per
minute (rpm). Data were reduced with heat spikes from con-
trol experiments, where protein or RNA was titrated into
buffer. Raw data were integrated and normalized using Ori-
gin ITC Analysis software provided by Microcal. Accord-
ingly, a plot of AH per mole of injection versus molar ratio
was produced and fit to an appropriate binding model (one-
site or two-sites binding). Measurements have been repeated
at least twice.

RESULTS

The three RRMs of TIA-1 are independent structural mod-
ules

A superposition of 'H,'">N-HSQC spectra of the individ-
ual RRM domains and the 31 kDa RRM1,2,3 region of
TIA-1 is shown in Figure 2A. The chemical shifts of the
NMR signals in the individual RR M are very similar com-
pared with the RRM1,2,3 protein construct. Interestingly,
several residues (Lys'*®, Asp!'*® and Glu'>?) in RRM2 helix

Nucleic Acids Research, 2014, Vol. 42, No. 9 5953

a2 show significantly different chemical shifts in RRM1,2,3
when compared to the single RRM2 domain. These dif-
ferences are not observed for the tandem RRM2,3 con-
struct (Figure 2B). Charged residues (Lys*® and Lys*’) in
the RRMI-RRM2 linker also exhibit notable chemical
shift differences in RRM1,2,3, suggesting that this linker
may contact RRM2 helix o2 via charge—charge interac-
tions. Except from these differences chemical shifts of the
isolated domains and RRM1,2,3 are very similar. Also in
the RRM2,3 tandem domain construct only very minor
chemical shift variations are found (Ile'!!, Ala''*, Phe'!8,
Phe'*’ in RRM2 and Val?!? in RRM3) when compared with
the single domains (Figure 2B). These data indicate that
the individual RRM domains in RRM2,3 and RRM1,2,3
are largely independent structural modules and lack strong
domain-domain interactions. It is noteworthy that a few
cross-peaks from a short RRM3 construct (residues 195-
274, comprising the predicted canonical RRM secondary
structure) have different chemical shifts when compared
with the tandem RRM2,3 (Supplementary Figure S1). Sec-
ondary 3C chemical shifts (Supplementary Figure S2A)
indicate that this region adopts an additional a-helix pre-
ceding residue 195 of the canonical RRM3 domain. Thus,
the canonical RRM fold is extended by an additional he-
lix and the fold of RRM3 and comprises residues 187-274,
consistent with recent predictions (29). Average rotational
correlation times (t.) were estimated for the individual do-
mains from the trimmed mean ratio of "N R,/R; relax-
ation rates for RRM1,2,3 (Figure 2C), assuming isotropic
rotational diffusion. This analysis shows similar 7. values
(~12 ns) for RRM1 and RRM3 but significantly larger .
values (~16 ns) for RRM2. A rotational correlation time
of ~15 ns would be expected for a 31 kDa protein, if the
three RRMs would tumble together. Smaller 7. values are
expected if the individual RRMs do not interact strongly
even though the rotational diffusion of the individual do-
mains will still be coupled in spite of the presence of flexi-
ble linkers of 10 or more residues (47). The observation of
distinct average t. values for residues in RRM2 compared
with RRM1 and RRM3 and the virtual identical chemi-
cal shifts observed for the individual domains compared
with the RRM1,2,3 multi-domain construct demonstrate
that the individual RRMs tumble independently from each
other and that there are no strong domain interactions in
the free TIA-1 protein.

NMR relaxation data of the TIA-1 RRM2,3 tandem do-
mains and virtually identical chemical shifts of the individ-
ual RRM2 and RRM3 domains compared with RRM2,3
indicate that also in this fragment the individual domains
tumble independently with no significant domain—domain
interactions between RRM2 and RRM3 in absence of RNA
(see below).

Solution structure of TIA-1 RRM2,3

To understand the role of RRM3 in enhancing the RNA
binding affinity of RRM2 (12), we determined the NMR-
derived solution structure of the tandem TIA-1-RRM2,3
domains. The ensemble of the 10 lowest energy structures
of TIA-1 RRM2,3 after water refinement is shown in Fig-
ure 3A, structural statistics are summarized in Table 1. As
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Figure 2. (A) The 'H,">"N HSQC NMR spectra of individual RRM1 (blue), RRM2 (green), RRM3 (magenta) and RRM1,2,3 (black) are shown. (B)
Differences of chemical shifts of individual RRM with RRM1,2.3 (black) and with RRM2,3 (yellow) are plotted versus residue number. Some distinct
differences are observed in the RRM2 helix a2 (Lys'4, Asp!*® and Glu!*") when compared with the resonances of RRM1,2,3. Residues in the RRM1-2
linker (Ser®? and Asn??) and two predicting residues (Lys®® and Lys®”) also exhibit large chemical shift differences, suggesting that charge complementary
interactions may contribute to the contacts of the RRM1-2 linker and RRM2. (C) Local rotational correlation times () estimated from the ratio of
I5N Ry/R; relaxation rates of RRMI1,2,3 versus residue number are shown, with average 7. values for each RRM domain indicated above. Error bars are
derived from the relaxation data.
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Figure 3. (A) The ensemble of the lowest 10 energy structures of TIA-1-RRM2.3 generated by superposition of backbone atoms of RRM2 (residue
93-173, left) and RRM3 (residue 184-274, right) domains, respectively. The insert illustrates that the two domains do not interact, with residues in the
RRM2-RRM3 linker colored in gray. (B) TIA-1-RRM2,3 ribbon representation of RRM2 and RRM3. Residues with exhibit significant chemical shift
perturbation upon titration of RRM2,3 with fas_16 RNA are colored purple and annotated (A8 > 0.16 ppm, average chemical shift perturbation over
all resonances with standard deviation ()). The CSPs reveal that for both RRM2 and RRM3 residues in the RNP2 (VFVGDL/VYCGGYV) and RNP1
(KGYGFVSF/KGYSFVRF) motifs (31 and B3 strands), as well as additional conserved residues in 34 are involved in RNA binding. The inset shows
side chains of residues in RRM3 helix «0 (YEDVV) with the orientation along the arrow. Solvent exposed acidic side chains of Asp!®? and Glu!'?? are
colored in cyan. The side chains of Leu!'$?, Tyr!®! and Val'%* pack against RRM3 helix o2.

indicated by chemical shift analysis and NMR relaxation
data the two domains do not interact, consistent with the
absence of inter-domain NOEs. Therefore, the two RRM
domains are presented and analyzed here individually (Fig-
ure 3B). RRM2 adopts the canonical BaBBap RRM fold
composed of a four-stranded anti-parallel B-sheet covered
on one side by two a-helices. The structure of RRM2 in
the RRM2,3 protein resembles that of the isolated TIA-1
RRM2 domain reported previously (27-28), with backbone
coordinate RMSDs of 0.91 + 0.08 and 0.81 & 0.05 A to
the RRM2 structure determined by NMR (PDB: 2RNE)

and crystallography (PDB: 3BS9), respectively,. RRM3 in
RRM2,3 superimposes with the structure of the isolated
RRM3 of the homologous TIAR protein (PDB: 1X4G)
with a backbone coordinate RMSD of 0.79 & 0.06 A. No-
tably, in RRM3, the canonical RRM fold is preceded by an
additional a-helix located in the RRM2-RRM3 linker (he-
lix 0, Tyr'?'-Val'®®), consistent with '3C secondary chem-
ical shifts (Supplementary Figure S2A). Notably, helix a0
packs against RRM3 helix a2 and strand 4 and thus de-
fines an enlarged RRM fold for RRM3. Helix a0 is not
required for stability of RRM3, as a protein lacking helix
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a0 is stable and folded (Supplementary Figure S1), consis-
tent with a recent report (29). The remaining part of the
RRM2-RRM3 linker (Thr'7>-Ser!?) in RRM2,3 does not
form any secondary structure, consistent with random coil
secondary chemical shifts and "N relaxation data (Supple-
mentary Figure S2A, see also below).

RNA binding of the individual TIA-1 RRM domains

To characterize the RNA binding properties of the TIA-
1 RRM domains to pyrimidine-rich ligands, NMR chem-
ical shifts of amides were monitored upon titration of a U9
RNA oligonucleotide to the individual >N-labeled TIA-1
RRM domains (Figure 4A—C). The stronger chemical shift
perturbations (CSPs) (48) of RRM2 upon U9 binding com-
pared to the RRM1 and RRM3 are in agreement with the
previously reported higher affinity to uridine-rich RNAs
(12,17,24). Notably, in addition to the two RNP motifs, the
additional N-terminal helix a0 and C-terminal residues in
RRM3 exhibit strong CSPs. This indicates that these re-
gions are affected by binding to the U9 RNA either by
engaging direct contacts to the RNA or by indirectly in-
duced conformational changes. The reduced RNA binding
of RRM3 reported previously is likely a result of the fact
that these studies (12,17) have used a truncated version of
RRM3 lacking helix 0.

U9 RNA binding to the individual RRM3 domain is fast
on the NMR chemical shift time scale (Figure 4E) as cross-
peaks positions are shifting with increasing RNA concen-
tration. Hence, RRM3 binds with a dissociation constant
Kp ~30-50 wM as derived from the NMR titration (Sup-
plementary information, Figure S3B). Binding kinetics ob-
served with the NMR titrations of RRM2 are fast to in-
termediate on the NMR chemical shift time scale as some
residues disappear and reappear with increasing U9 concen-
tration (e.g. Gly'3’; Figure 4D). When analyzing residues
with fast chemical exchange behavior an apparent Kp ~35
M is obtained (Supplementary Figure S3A). The binding
affinities observed are consistent with ITC measurements
for the interaction of mouse TIA-1-RRM?2 with a U5 RNA
oligonucleotide with Kp ~30 uM (28). The observation that
RRM2 binding kinetics is fast to intermediate in the NMR
titrations indicates a stronger interaction of TIA-1-RRM2
to poly-U RNA compared with RRM3.

Similar chemical shift perturbations are observed for the
single RRM2, RRM3 domains and the tandem RRM2,3
protein upon saturated binding to U9 RNA (Figure 4A-
E, black bars in Figure 4F). This indicates that identical
binding interfaces are employed by the isolated RRM do-
mains even though the overall binding affinity of RRM2,3
is much higher due to cooperative effects (see below). In-
triguingly, compared with RRM2 and RRM3 (Figure 4B
and C), RRM1 exhibits only very minor chemical shift per-
turbations upon addition of U9 RNA (Figure 4A), which
may reflect non-specific contacts due to its overall posi-
tively charged surface. To explore whether RRM1 could
nevertheless contribute to high affinity RNA-binding in
the RRM1,2,3 construct, we performed NMR titrations of
RRM1,2,3 with an U15 RNA oligonucleotide. The chemi-
cal shift perturbations of RRM1,2,3 upon binding to U15
RNA (Figure 4F; Supplementary Figure S5A) are very sim-

ilar for RRM2,3 but very small for RRM1. The CSPs ob-
served for RRM1 within RRM1,2,3 are slightly stronger
than seen for the RRM1/U9 RNA interaction but much
smaller compared to the CSPs seen for RRM2 and RRM3
and thus do not indicate specific RNA contacts. Thus,
RRMI1 does not seem to mediate significant contacts with
the RNA even in the context of RRM1,2,3. This is further
confirmed by ITC data which suggest that RRM1 does not
contribute to U15 RNA binding (Supplementary Figure S8
and see below).

Thus, RRM1 lacks significant intrinsic RNA binding ac-
tivity, consistent with the presence of degenerate RNP mo-
tifs (that are normally important for RNA binding, Fig-
ure 1B) and might thus primarily be involved in mediating
protein—protein interactions. Sequence identities of human
TIA-1 compared to those of mouse, frog, zebrafish and hu-
man TIAR are 96, 74, 80 and 79%, respectively (49). Al-
though the sequence identity is <35% between human and
Drosophila, the RRM2,3 region shows over 60% homol-
ogy, suggesting that the tandem TIA-1-RRM2,3 domains
have evolutionary conserved functions in RNA recognition.
In contrast, the lower conservation of RRM1 and the C-
terminal Q-domain indicate a lower selection pressure for
these regions, or that residues involved in RRM1-mediated
protein—protein interactions have co-evolved in higher or-
ganisms only.

Binding of TIA-1-RRM2,3 to an intronic sequence in FAS
pre-mRNA

Regulation of FAS alternative splicing (Figure 1C) requires
binding of TIA-1 to pyrimidine-tracts located in the 5’ re-
gion of pre-mRNA introns. To characterize the RNA recog-
nition with a ligand found in a biologically relevant sub-
strate we analyzed the interaction of TIA-1 with 16-mer
(fas_16) and 10-mer RNA (fas_10) oligonucleotides derived
from FAS intron 5 (Figure 1C). This RNA comprises a GU
di-nucleotide, resembling an alternative 5" splice site fol-
lowed by a strong Py-tract and is located 10-28 nt down-
stream of the exon/intron boundary of FAS exon 5. A poly-
uridine oligonucleotide (U9) was used to compare TIA-1
binding to a general pyrimidine-rich ligand.

NMR titration of fas_16, fas_10, and U9 RNA to TIA-
1-RRM2,3 shows binding in the intermediate to slow ex-
change regime at the NMR chemical shift time-scale, i.e.
NMR signals of residues involved disappear and reap-
pear at a different position upon saturation (Supplemen-
tary Figure S6). Therefore, to unambiguously determine
the chemical shifts of RRM2,3 bound to fas_16 and fas_10
RNA backbone chemical shifts were re-assigned using
triple-resonance experiments. The '3C secondary chemical
shifts of the complex show that the secondary structure of
RRM2,3 is not altered in the protein—-RNA complex (Sup-
plementary Figure S2B). Similar overall CSPs are observed
for the amide signals of RRM2,3 upon either fas_16, fas_10
RNA or U9 binding (Figure SA and B). This seems to reflect
that all ligands are pyrimidine-rich and demonstrates that
the same binding interface on RRM2,3 is employed for the
recognition of these ligands. The binding surface with fas_16
is mapped onto a ribbon representation of TIA-1-RRM2,3
(Figure 3B) with significant CSP values (50). The interac-

9102 ‘9 J8qo100 U0 UBYdUBN Al NL »Bp 9N e /Blo'sfeuinolpioxo feu//:dny wodiy papeojumoq


http://nar.oxfordjournals.org/

Nucleic Acids Research, 2014, Vol. 42, No. 9 5957

05
RRM1
04
_ (D) TIA-1-RRM2 vs. U9
E 03
e
Y 02 @
< 106 5 4G139
o ] G137 m\
b ol s | & ot
0.0 - 2 108 ‘
0 20 30 40 5 60 70 80 90 ;
Residue 2
110
(B) p1 al p2 p3 a2 g pe S Tlsa@
—_— 000000  =——————t = =—— 0000000 > => —> 8
05
RRM2 .
0.4
E os 9.2 9.0 18.8 8.6 8.4
e o,~'H (ppm)
g 02
o1 (E) TIA-1-RRM3 vs. U9
0.0 G273
100 110 120 130 140 150 160 170
Residue 1o é
(C) o0 p1 al p2 B3 w P pe -
00900 ——> 000000 ——b ——b 0000000 > ———p 5112
& s241 T262
z G260~&° F223
R _11a ‘ ©
3 D237 H253
M N246 S199
116 %192
s1so% »
2.0 8.8 8.6 8.4 8.2
o,~'H (ppm)
190 200 210 220 230 240 250 260 270
Residue
(F) RRM1 RRM2 RRM3
Bl al B2 P32 p4 Bl al B2 B3 a2 pa o0 Bl al B2 B3 a2 pa
— 00000 w— @— 00000 — — 00000 w—tp =~ — 00000 — 200 — 00000 ey w—tp 00000  w—tp

0.8

110 130 150 170 190

Residue

Figure 4. Chemical shift perturbations of individual TIA-1 RRM domains upon binding to U9 RNA. The combined 'H and N chemical shift pertur-
bations were calculated using the equation: A8 = [(ASuN)? + (A8n/6.5)2]'/2 (48). The CSP of amide groups in (A) RRM1, (B) RRM2 and (C) RRM3
are plotted over residues, RNP motifs are indicated by cyan lines. Titration data are shown for zoomed regions of 'H, >N HSQC spectra of (D) RRM2
and (E) RRM3. Spectra are colored as: free protein (black) and in the presence of U9 RNA RNA at 0.1 (blue), 0.2 (cyan), 0.4 (purple), 0.6 (yellow), 0.8
(brown), 1.0 (magenta), 1.2 (green), 1.4 (gray), 1.6 (orange) and 1.8 (dark-red/red) and 2.0 (red) molar equivalents. (F) Comparison of CSPs of tandem
RRM2,3 (black), RRM1 (residues 1-92, in light blue), RRM2 (residues 93-174, in green) and RRM3 (residues 187-274, in magenta) upon binding to U9
RNA with TIA-1-RRM1,2,3 binding to U15 RNA (orange dots). The CSPs are plotted versus residue numbers. The dashed line in black shows a cut-off
AS§ > 0.16 ppm (average chemical shift perturbation over all resonances + standard deviation) for RRM2,3 titrated with U9, and the one in orange for A§
> 0.13 ppm for RRM1,2,3 with U15.
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Structural statistics for TIA-1-RRM2,3?

Structure calculation restraints
Distance restraints

Total NOEs

Intra-residue

Sequential (Ii — j1=1)
Medium-range (Ii — jl < 4)
Long-range (Ii — jl > 4)
Hydrogen bonds

Dihedral restraints (¢ + )
Quality analysis

Restraints violations (mean + SD)
Distance restraints (A)
Dihedral angle restraints (°)
Deviation from idealized geometry
Bond length (A)

Bond angles (°)

Impropers (°)

Average pairwise r.m.s. deviation (A)a
Heavy (RRM2/RRM3)
Backbone (RRM2/RRM3)
Ramachandran values (%)»P
Most favored regions

Allowed regions

Generously allowed regions
Disallowed regions

Whatlf analysis®©

First generation packing
Second generation packing
Ramachandran plot appearance
Chi-1/Chi-2 rotamer normality
Backbone conformation

2104
485
581
395
643
154
272

0.016 & 0.00
0.687 £ 0.06

0.011 4 0.00
1.214 £0.03
1.387 £0.10

1.23 +£0.15/0.88 £ 0.08
0.64 £0.17/0.41 £ 0.06

93.2
6.8
0

0

2.590 +£0.910
7.285 £ 2.633
—1.157 £ 0.170
—1.941 +0.517
0.408 4 0.167

4For residues 93-171 (RRM2) and 191-272 (RRM3)
dWith Procheck.

¢Analyzed by iCING. Structure Z-scores, a positive number is better than average.

tion mainly involves the B-sheet surfaces of RRM2 and
RRM3, similar to what has been seen for titrations of U9
RNA to the individual RRMs (Figure 4B and C), and cor-
responds to the canonical RNA binding surface of RRM
domains. Notably, RRM3 helix a0 (Tyr'! and Val'®*) as
well as residues that are in close spatial proximity (Leu!'®’
preceding RRM3 helix a0 and Val**® in RRM3 helix a2,
Figure 3B) are also strongly affected (Figure 5B).

We used ITC to determine the binding stoichiometry
and affinity of TTA-1-RRM2,3 towards U9 and FAS intron
RNA (Figure 6; Table 2). Upon titration of TIA-1-RRM2,3
to fas_16 RNA (Figure 1C) two distinct binding sites are ob-
served with Kp; = 0.35 nM and Kp, = 27 M. In a reverse
titration (RNA into protein) an average dissociation con-
stant of Kp = 22 pM with 2:1 protein:RNA stoichiometry
is found (Figure 6A). Upon titration of RRM2,3 into U9
RNA and vice versa dissociation constants of Kp = 7.0 and
5.6 nM are determined, respectively (Figure 6B). Negative
binding enthalpies A H observed for these ligands (Table 2;
Supplementary Figure S7) indicate that the RNA binding
is enthalpically driven.

Interestingly, the binding stoichiometry of TIA-1-
RRM2,3 to fas_16 is 2:1 but 1:1 for U9. The presence of
a high affinity binding site in fas_/6 RNA with >10-fold
increased binding affinity compared to U9 suggests either
the specific recognition of a sequence motif in fas_16 RNA
or avidity effects in binding to a longer pyrimidine-rich

stretch, as commonly only 10-12 nucleotides are recognized
by tandem RRMs. Within fas_16 RNA a 10-mer sequence
motif may be sufficient for binding to RRM2,3, while
the additional nucleotides present in the 16-mer ligand
may contribute to avidity by binding in multiple registers
and increased local concentrations of the pyrimidine-rich
ligand. In an attempt to identify a putative minimal RNA
sequence motif within fas_ /6 RNA we studied RRM2,3
binding to fas_10, which corresponds to the pyrimidine-
rich region at the 3’-end of fas_16 (Supplementary Figrue
S8A). Upon titration of RRM2,3 into fas 10 RNA, a
dissociation constant of Kp ~17 nM was determined with
a 1:1 stoichiometry, thus comparable to U9 RNA binding
affinity. This suggests that the stronger binding to fas_16
mainly results from avidity effects upon binding to a longer
pyrimidine-rich RNA ligand and that the RNA bind-
ing specificity of TIA-1 mainly requires pyrimidine-rich
sequence.

In order to compare the contribution of RRMI in
RRM1,2,3 for RNA binding, we carried out ITC titrations
of RRM1,2,3 with U15 RNA (Supplementary Figrue S8B).
These experiments show Kp values of 16 nM assuming a
1:1 binding event. Thus, the binding affinity of RRM1,2,3
to Ul5 RNA is similar to that of RRM2,3 to U9. This
finding confirms the NMR chemical shift perturbation data
which do not suggest strong contributions of RRMI1 to
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Figure 6. Isothermal titration calorimetry for the binding of TIA-1-RRM2,3 to fas_16 and U9 RNAs. (A) 10 wM protein (in the calorimetric cell) was
titrated with 70 wM fas_16 (in the syringe), and the reverse titration by using TIA-1-RRM2,3 (200 wM) as titrants into RNA titrate (10 pM). (B) 20 pM
protein was titrated with 200 uM U9 RNA, and the reverse titration of protein to U9 with the same concentrations. Each plot shows the heat released
versus time in the upper panel with a thermogram of the integrated peak intensities plotted against the molar ratio of the complex in the lower panel. Fitted
thermodynamic parameters data for each titration were shown in Table 2. All experiments were conducted in 10 mM sodium phosphate (pH 6.0) with 50
mM NaCl at 25°C.
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Table 2. Isothermal titration calorimetry data for RNA binding of TIA-1 RRM2,3

Ka (M1 Kp (nM) AG (kcal /mol) AH (kcal /mol) AS (cal /K-mol) N
RRM2,3 — fas_16
Site 1 (2.9 £+ 1.0) x 10° 0.4 £ 0.1 —129 £ 0.2 —30.9 £ 0.1 —60.4 + 0.7 1.1
Site 2 (3.7 £ 0.2) x 10° 272.5 £ 149 —-9.0 £ 0.0 —239 £ 0.2 —50.1 £ 0.1 1.1
fas_16 — (4.6 + 1.0) x 10° 216.0 £+ 47.6 —-9.1 £0.1 —61.3 £ 2.1 —175.0 £ 0.5 0.5
RRM2,3
RRM2,3 —» U9 (1.4 £ 0.3) x 108 7.0 £ 0.2 —11.1 £ 0.0 —33.6 £0.2 —755 £+ 0.1 1.0
U9 - RRM2,3 (1.8 £ 0.6) x 10% 5.6 £ 1.9 —11.3 £ 0.2 —351+03 —80.0 £ 0.7 1.0
RRM2,3 — (2.8 £ 0.6) x 107 35.6 £ 8.1 —102 £ 04 —-313£03 —71.1 £0.2 1.0
fas_10
RRM1,2,3 — (6.0 + 0.9) x 107 169 + 2.7 —10.6 £ 0.1 —424 + 04 —106.8 £ 1.1 1.0

U1s5

The fitting model used: 2-site for RRM2,3 titrated into fas_16, 1-site for all other titrations. The change of Gibbs free energy and entropy were calculated
using the equations: —TAS = AG — AH and AG= —RT In(Kp) at T =298 K.

RNA binding and suggest that RRM2,3 represent the high-
affinity RNA binding region of TTA-1.

The TTIA-1-RRM2,3—RNA complex is compact

To study internal motion and characterize the overall do-
main dynamics we measured '°N relaxation data for TIA-1
RRM2,3 in the RNA free and bound state (Figure 7A). The
average tumbling correlation time for residues in RRM3,
7. ~ 10 ns, resembles the value expected for a molecular
weight of 20.4 kDa whereas the average 7. of RRM2 of
12 ns is slightly higher. These values suggest that the rota-
tional diffusion of both domains is coupled, as the correla-
tion times expected for the individual RRM2/RRM3, 7. ~
6.1 ns/5.9 ns, estimated using HYDRONMR (51) are sig-
nificantly lower than the experimentally derived values in
context of the tandem RRM2,3. The presence of motional
coupling in multi-domain proteins has been found even in
the presence of a relatively long flexible linker connecting
two domains (47) to be observed, as is the case for RRM2,3
(Figure 7A). However, the different values determined for
the average tumbling correlation times of the two domains
suggest that RRM2 and RRM3 do not interact (Figure 7B).
The higher values observed for RRM?2 (in spite of its smaller
molecular weight) presumably reflects non-specific aggrega-
tion of this domain, asis also found for the RRM1-RRM2-
RRM3 fragment (Figure 2C).

Upon binding to fas_-16 RNA both RRMs exhibit the
same average tumbling correlation time of 7. ~ 14 ns, a
value that is also consistent with the molecular weight of the
complex (25.5 kDa). {'"H}-'>N heteronuclear NOE values
demonstrate that the RRM2-RRM3 linker (residues 171-
190) remains highly flexible and does not become ordered
upon RNA-binding, consistent with the lack of chemical
shift perturbations in the linker region upon RNA bind-
ing. Thus, RNA binding by TIA-1 RRM2,3 induces a com-
pact domain arrangement where both domains cooperate
in binding to the RNA ligand. We also determined the av-
erage tumbling correlation time of RRM1,2,3 bound with
U15 (~36 kDa). Although 7. values for RRM2 (~18 ns)
are still slightly larger than for RRM1 (~16 ns) or RRM3
(~16.5 ns) (Supplementary Figrue S5B), the overall similar
values suggests that in the RRM1,2,3/U15 RNA complex
the three RRMs tumble together.

To provide additional support for the formation of a com-
pact protein—-RNA complex we recorded SAXS data for free
and fas_16 RNA bound TIA-1 RRM2,3 (Figure 7C). Upon
RNA binding the radius of gyration, R,, decreases from
24.1 £ 0.1 to 22.0 + 0.26 A based on the Guinier approxi-
mation or 24.4 + 0.003 to 21.6 + 0.003 A as calculated from
the pairwise distribution function (Figure 7D). The maxi-
mum pairwise distance, Dy, decreases from 80 A in the ab-
sence of RNA to 67 A upon RNA binding (SAXS statistics
according to Jacques et al. (41) are listed in Supplementary
Table S1). The larger R, for TIA-1 RRM2,3 in the absence
of RNA confirms that the two RRMs have no fixed orienta-
tion towards each other. The averaged ensemble is therefore
larger in diameter than in the presence of RNA, where the
R, decreases substantially.

DISCUSSION

Here, we have identified RRM2 and RRM3 as the bona
fide RNA binding domains of TIA-1 and report the high-
resolution structures of RRM2 and RRM3 within a pro-
tein comprising the tandem TIA-1 RRM2,3. In the ab-
sence of RNA, the three RRMs of TIA-1 tumble indepen-
dently as shown by NMR relaxation data and the lack of
observable inter-domain NOEs in RRM2,3. The same is
true for RRM2 and RRM3 within the TIA-1 RRM2,3 tan-
dem domain construct, where NMR relaxation data indi-
cate that the two domains tumble independently. However,
we cannot exclude that weak and transient contacts between
RRM2 and RRM3 may exist as has been suggested in a re-
cent study where the presence of RRM?2 was found to ther-
modynamically stabilize RRM3 in thermal unfolding ex-
periments (29). In any case, our NMR data clearly indicate
that both domains cooperate in binding to RNA ligands.
When bound to RNA, both RRM domains exhibit a uni-
form tumbling rate, suggesting a synergistic effect in RNA
binding by TTA-1-RRM2,3 and the formation of a com-
pact protein—-RNA complex. This is corroborated by SAXS
measurements, where the gyration radius of RNA bound
RRM2,3 is decreased by 12% compared with free RRM2,3.

We found that RRM3 represents a novel extended RRM
structure where the canonical RRM fold is preceded by an
N-terminal helix «0. The presence of an N-terminal he-
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Figure 7. Relaxation and SAXS data of free and fas_/6 RNA bound TIA-1-RRM2,3. (A) Ry (top), Ry (derived from R;,, middle) and { 1H}-15N
heteronuclear NOE values (bottom) of free (closed circles in black) and bound form (open circles in purple) measured at 298 K and pH 6.0 are shown.
The average rotational correlation times (7.) for RRM2 and RRM3 in the RRM2,3 protein free (black) and bound to fas_16 (purple) are compared in (B).
Residues in RRM3 helix a0 are highlighted with an orange box. (C) SAXS data of TIA-1-RRM2,3 free (black) and bound to fas_16 RNA (purple) and
(D) the corresponding pairwise distribution functions.
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lix has been proposed recently (29) and is also observed in
the RRM3 of TIAR (PDB: 1X4G), indicating that this is
a conserved feature of TIA proteins (Figure 8A and B). It
has been previously speculated that this helix does not con-
tribute additional RNA contacts (25). However, our data
clearly indicate that RRM3 helix «0 plays a critical role in
RNA recognitions, as residues in this helix experience al-
most the strongest chemical shift perturbations upon RNA
binding. Interestingly, the strong chemical shift perturba-
tions for RRM3 helix «0 upon RNA binding have not been
observed in a recent study with the isolated RRM3 do-
main (25). Although in this study an AU-rich RNA lig-
and was used, this suggests that TIA-1 RNA binding de-
pends on cooperative interactions involving both RRM2
and RRM3. Notably, His248 in helix «0 and additional his-
tidine residues located within or near the RNA binding sur-
face may play a role for the suggested pH-dependence of
RNA binding by TIA-1 RRM3, even though these effects
have not been confirmed in larger constructs of TIA-1 (25).
Other structural extensions and variations of the canoni-
cal RRM fold have been reported recently (52-53). Com-
parison of TIA-1-RRM3 with other non-canonical RRM
domains indicates that their helical extensions can also me-
diate additional RNA contacts, as for example seen in the
Cst64 RRM (Figure 8C) (54). In contrast the C-terminal
RRM domain of the human La protein shields the B-sheet
surface and thus blocks RNA binding (Figure 8D) (55).

It seems plausible that helix a0 in TIA-1-RRM3 directly
enhances RNA binding and thus provides additional con-
tacts for RNA recognition. Residues in helix a0 (YDEVYV)
could mediate such additional contacts. Figure 3B (box)
shows that the side chains of Val'®* and Leu'® pack against
helix 2 in RRM3, while Asp!°? and Glu'?? are solvent ex-
posed. However, Tyr!”! is partially exposed and may thus
mediate additional contacts with the RNA ligands, thereby
contributing to RNA binding. Taken together our data indi-
cate that the tandem RRM2,3 domain of TIA-1 represents
two canonical B-sheet surfaces for RNA binding that are
extended by the novel helix a0. High-resolution structural
analysis of the RRM2,3/RNA complex will be required to
unravel how both RRM domains cooperate in RNA recog-
nition and how helix 0 enhances these interactions.

The NMR titrations of the three individual RRMs of
TIA-1 with U9 RNA confirm previous reports that RRM1
does not bind RNA and that RRM2 and RRM3 mediate
the specific RNA binding by TIA-1 (12,17). ITC measure-
ments indicate the presence of two binding sites in fas_16
RNA for TIA-1-RRM2,3. The higher affinity site (Kp =
0.35 nM) is 20-fold stronger than U9 (Kp = 7 nM). How-
ever, the higher affinity is most likely due to avidity effects as
RRM2,3 has comparable binding affinity to a shorter RNA
derived from fas_16 (fas_10, 5-UUCUCCUUUC-3') or U9
RNA. This suggests, that TIA-1 does not discriminate be-
tween different poly-pyrimidine stretches and that binding
affinity can be significantly increased by avidity effects, as
seen with other protein-ligand interactions (24,56) and con-
sistent with the presence of longer (>10 nt) pyrimidine-rich
sequences in the RNA targets of TIA-1.

A number of non-canonical RRM domains with degen-
erate RNP1 and RNP2 motifs have been found to mediate
protein—protein interactions rather than RNA recognitions.

Nucleic Acids Research, 2014, Vol. 42, No. 9 5963

These non-canonical RRMs, also called U2AF-homology
motifs (UHMs) (57), can bind to protein partners through
a tryptophan-containing peptide motif (UHM-ligand mo-
tifs, ULM) (58-61) and often play roles in the regulation of
alternative splicing (60-61). The distinct characteristics of
UHMs compared to canonical RRM domains encompass
atypical RNP-like motifs, an RXY /F motif in the last loop,
and an acidic extension of the first helix. Notably, some of
these features are observed for TIA-1 RRMI, i.e. the first
RNPI residue is aspartic acid instead of lysine residue in
both RRM2 and RRM3 (Figure 1B). RRM1 harbors an
RXI/L/V motif in a C-terminal loop that resembles the
characteristic RXY/F motif of UHM domains. Although
TIA-1-RRM1 is overall positively charged our NMR titra-
tions with poly-uridine-RNA demonstrates that RRM1
only weakly interacts with RNA and mediates primarily
non-specific interactions. Indeed, the binding of RRM1,2,3
to U15 RNA shows comparable affinities than RRM2,3 to
U9 RNA, suggesting that RRM1 is dispensable for high
affinity RNA binding. It is thus likely that a main func-
tion of RRMI is to mediate protein—protein rather than
RNA interactions. Consistent with this notion is the re-
cent observation that RRM1 is dispensable for binding to
an AU-rich RNA ligand (24). Some minor contribution to
binding of poly-U RNA reported by the same authors may
indeed reflect non-specific RRM1 interactions, consistent
with our NMR titrations. A recent study by Kielkopf et al.
concluded that RRM1 contributes to high affinity RNA
binding to poly-uridine RNA (U20) but not to FAS RNA.
In this study mutations of the RNP motifs in RRMI de-
creased the affinity to U20 RNA (621). It is possible that
the elimination of weak contacts of RRM1 with the RNA
influences local concentration or avidity effects. This could
also explain why the same authors did not observe a con-
tribution of RRM1 in binding to a 31 nt FAS RNA lig-
and, which contains pyrimidine-stretches interspersed with
purine bases and thus may not support avidity effects.

In recent years, it has been shown that domain arrange-
ments and dynamics play an important role for molecular
function and ligand binding of multi-domain proteins. Al-
though many RRM-RNA complex structures have been
reported, most involve individual RNA-binding domains
bound to single-stranded RNAs (56,62-64. While these
structures reveal details of the RNA recognition for indi-
vidual domains, the role of multi-domain arrangements and
dynamics is not analyzed. Weak domain interactions and
dynamics can play important roles for ligand binding and
the arrangements of multiple domains in solution might be
different than observed by crystallographic studies (56,65).
As TTIA-1-RRM2 possesses the dominant RNA binding
ability of TIA-1, RNA binding by RRM2,3 may utilize
initial contacts by RRM2 to a specific RNA motif, while
RRM3, connected with a 20-residue flexible linker might
search for additional RNA motifs using a fly casting mech-
anism (Figure 8E).

Compared to other alternative splicing factors that bind
close to either 3’ or 5 splice sites (66-67), TIA-1 binding
was only found downstream of exons to recruit Ul snRNP
to the 5 splice sites (12-13). For example, RNA binding
of TIA-1 requires Ul snRNP to form a cooperative com-
plex at a specific location in the pre-mRNA. Recent iCLIP
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Figure 8. Comparison of the RRM domains of (A) TIA-1 RRM2, (B) TIA-1 RRM3, (C) Cst64 RRM (1P1T) (54) and (D) La-C-RRM (10WX) (55). N-
or C-terminal helical extensions are colored in magenta. (E) A model for RNA and protein interactions by TIA-1 RRM2,3. In free RRM1,2,3 individual
RRM domains tumble independently. RRM?2 mediates initial contacts to an RNA ligand followed by fly-casting of RRM3 for formation of a stable and
rigid RRM2,3-RNA complex (I). Although there are no strong and specific domain—-domain contacts detected in free RRM2,3, transient/pre-existing
domain-domain interactions between RRM2 and RRM3 may contribute to speed up RNA recognition and skipping the fly casting step as shown in (II).
The RRM1 and Q-domains mainly contribute to Ul snRNP recruitment by mediating protein—protein interactions.

data show that TIA-1 binds equally well to Py-tracts down-
stream of constitutive and alternative exons and its binding
downstream of constitutive exons promotes efficient splic-
ing of the corresponding intron, suggesting an importance
of distal regulatory sites for the regulation of alternative
splicing (26). Thus, more data are required to gain more
details for how TIA-1 manages its recognition with vari-
ous RNAs, especially with different RNA ligands down-
stream to the constitutive and alternative exons. Besides of
binding to similar U-rich stretches, TIA-1 and TIAR rec-
ognize cytosine/uridine-rich (C-rich) elements according to
SELEX analysis and gene array studies (4,68). Therefore,
the higher affinity RNA binding site (Kp; ~0.35 nM) in
FAS intron 5 (fas_16) seen in our ITC analysis may repre-
sent such a cytosine and uridine-rich site and thus explain
the specificity over poly-uridine RNA (U9). Future studies
and structural analysis of protein—RNA complexes will help
to unravel the sequence specificity of RNA recognition by
TIA-1 and the molecular basis for the cooperative binding
of TIA-1 and U1 snRNP to the pre-mRNA.

STRUCTURE COORDINATES AND NMR DATA

Atomic coordinates of TIA-1-RRM2,3 have been deposited
in the RCSB Protein Data Bank with accession number
2MIJN, while NMR chemical shift data and restraint files
are available at the BMRB (accession number: 19735).

ACCESSION NUMBERS
PDB: 2RNE, 3BS9 and 1X4G.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online, includ-
ing [1,2].
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