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Solution Structure of the Second RNA Recognition Motif (RRM) Domain of
Murine T Cell Intracellular Antigen-1 (TIA-1) and Its RNA Recognition Mode*
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ABSTRACT: T cell intracellular antigen-1 (TTA-1), an apoptosis promoting factor, functions as a splicing
regulator for the Fas pre-mRINA. TIA-1 possesses three RNA recognition motifs (RRMs) and a glutamine-
rich domain. The second RRM (RRM2) is necessary and sufficient for tight, sequence-specific binding to
the uridine-rich sequences buried around the 5" splice sites. In the present study, we solved the solution
structure of the murine TIA-1 RRM2 by heteronuclear—nuclear magnetic resonance spectroscopy. The
TIA-1 RRM2 adopts the RRM fold (So350/3) and possesses an extra 5-strand between 52 and /53, which
forms an additional 3-sheet with the C-terminal part of 32. We refer to this structure as the 52-32’ 5-loop.
Interestingly, this characteristic S-loop structure is conserved among a number of RRMs, including the
U2AF65 RRM2 and the Sex-lethal RRM1 and RRM2, which also bind to uridine-rich RNAs. Furthermore,
we identified a new sequence motif in the $2-32" S-loop, the DxxT motif. Chemical shift perturbation
analyses of both the main and side chains upon binding to the uridine pentamer RNA revealed that most
of the f-sheet surface, including the 32-$2" 5-loop, is involved in the RNA binding. An investigation of
the chemical shift perturbation revealed similarity in the RNA recognition modes between the TIA-1 and

U2AF65 RRMs.

Pre-mRNA splicing is essential for gene expression.
Regulation of splicing plays key roles in posttranscriptional
gene expression control (/-7). Splicing occurs through two
successive transesterification reactions: the cleavage of the
5" splice site by a nucleophilic attack from the conserved
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branch site adenosine and the release of the intron through
a nucleophilic attack to the 3" splice site by the phosphate
group of the 5" splice site (8). These processes are ac-
complished by the spliceosome, a dynamic macromolecular
complex of the U small nuclear ribonucleoproteins (U1, U2,
U4, U5, and U6 snRNPs),1 each of which is composed of
proteins and snRNA (3). The Ul and U2 snRNAs base pair
with the 5’ splice site and the branch point, respectively (9).
In addition, various RNA-binding proteins play important
roles in splicing regulation by binding to the 5" and/or 3’
splice sites, thus preventing or promoting the recruitment of
snRNPs to the relevant sites (/0).

T cell intracellular antigen-1 (TIA-1) is an apoptosis
promoting factor that functions as a splicing regulator for
Fas pre-mRNA in the nucleus (/7). TIA-1 binds to the
uridine-rich sequences located downstream of the 5 splice

! Abbreviations: COSY, correlated spectroscopy; d-DTT, 1,4-DL-
dithiothreitol-d,p; HSQC, heteronuclear single-quantum coherence
spectroscopy; NOE, nuclear Overhauser effect; NOESY, nuclear
Overhauser enhancement spectroscopy; rmsd, root-mean-square devia-
tion; RNP1 motif, ribonucleoprotein 1 motif; RNP2 motif, ribonucle-
oprotein 2 motif; RRM, RNA recognition motif; snRNPs, small nuclear
ribonucleoproteins; TALOS, torsion angle likelihood obtained from shift
and sequence similarity; TIA-1, T cell intracellular antigen-1; TOCSY,
total correlation spectroscopy; Ul snRNP, U1 small nuclear ribonucle-
oprotein.

© 2008 American Chemical Society

Published on Web 05/24/2008



6438  Biochemistry, Vol. 47, No. 24, 2008

Kuwasako et al.

A 1 9394 188 189 264 265 377
TIAA | RRM1 RRM2 RRM3 Q rich |
B B1 al B2 B2'
D mmm—— =)
Dok ok ok ok ok : .k : . * *
L RNP2 e
H. sapiens M5HFHVFVGDLSPQI TTEDIKAAFAPFGRI SDARVVKDMATGKSK
M. musculus % HFHVFVGDLSPEITTEDIKAAFAPFGRI SDARVVKDMATGK SK
X. tropicalis M5HFHVFVGDLSPEI TTDDIKAAFAPFGRI SDARVVKDMTTGK S K
D.melanogaster 94 HHH I FVGDLSPEI ETETLREAFAPFGEISNCRIVRDPHTMK S K
C.elegans B34HFHVFVGDLSSEVDNQKLREAFQPFGDVSDAKVIRDTNTTKSK
A. thaliana 38HFNIFVGDLSPEVTDAMLFTCFSVYPTCSDARVMWDQKTGRSR
S.cerevisiae 61 - FNLFVGDLNVNVDDETLRNAFKDFPSYLSGHVMWDMQTGSSR
A A AA
B3 a2 B3 B3 p4
G > =
¥ ook ok ok Lo ko * : * . * Dok ok ok
RNP1 .
H. sapiens 148 GYGFVSFFNKWDAENAI QQMGGQWLGG- -RQIRTNWATRKI185
M. musculus B9 GYGFVSFFNKWDAENAIQQMGGQWLGG -RQIRTNWATR K176
X. tropicalis 148 GYGFVSFFNKWDAENAIAQMGGQWLGG -RQIRTNWATR K185
D.melanogaster 137 GY AFVSFVKKAEAENAIQAMNGQW I GS - -RSIRTNWSTRKI174
C.elegans 177 GYGFVSYPKREEAERAIEQMNGQWLGR -RTIRTNWATRK?214
A. thaliana 181 GFGFVSFRNQQDAQTAIDEI TGKWLGS -RQI RCNWATKG?218
S.cerevisiae 2 GYGFVSFTSQDDAQNAMDSMQGQDLNG--RPLRINWAAKR 241
A A A

FIGURE 1: Primary structure of the TIA-1 RRM2. (A) Schematic diagram of the mouse TIA-1 protein. TIA-1 possesses three RNA recognition
motifs (RRMs) and a glutamine-rich C-terminal domain (/3). (B) Multiple sequence alignment of the TIA-1 RRM2. The TIA-1 sequences
from Homo sapiens (accession code NP_071505), Mus musculus (AAH46812), Xenopus tropicalis (NP_989276), Drosophila melanogaster
(NP_732942), Caenorhabditis elegans (NP_495121), Arabidopsis thaliana (ABH04584), and Saccharomyces cerevisiae (NP_014382) were
aligned using ClustalX (44). Secondary structure elements are depicted with blue arrows (f-sheet) and red cylinders (a-helix) above the
sequence alignment. The signature sequences of RNP1 and RNP2 are indicated by the black lines. The arrowheads indicate the residues
forming the extensive network of hydrophobic interactions that rigidly hold the $3’-33” [-hairpin.

sites (e.g., intron 5 of Fas pre-mRNA) and recruits Ul snRNP
by interacting with the U1C protein (/7). During the splicing
process of Fas pre-mRNA, TIA-1 plays an important role in
including exon 6 and promoting the production of the full-
length mRNA and, thereby, the production of the functional
protein (/7). Without exon 6, Fas mRNA encodes a soluble
form of the receptor, which functions as an antagonist of
Fas apoptosis signaling (/2). TIA-1-mediated alternative
splicing is therefore believed to be a critical regulator of cell
death signals (/7).

TIA-1 possesses three RNA recognition motifs (RRMs)
and a glutamine-rich region (/3) (Figure 1A). Previous
studies revealed that the glutamine-rich region binds to U1C,
with support from the first RRM (/4). However, no RNA-
binding activity has been reported for the first RRM, and
the third RRM only weakly binds to RNA, with no sequence
specificity (/3). In contrast, the second RRM (RRM?2) is
required for the RNA-binding activity of TIA-1 to the
uridine-rich sequence: when all of the uridine residues in
the uridine-rich sequence are replaced with cytidine, TIA-1
no longer binds to the RNA sequence (/3). Therefore, the
RRM2 alone is necessary and sufficient for the strong,
sequence-dependent binding to the RNA sequence (/3).
Consistent with its functional importance, RRM2 is highly
conserved in a wide variety of organisms (Figure 1B). For
better understanding of TIA-1-mediated apoptosis, it is
important to elucidate how the TIA-1 RRM2 recognizes the
uridine-rich sequences of some 5’ splice sites (such as intron
5 of the Fas pre-mRNA) to facilitate the recruitment of Ul
snRNP.

In the present study, we solved the solution structure of
murine TIA-1 RRM2, which revealed the characteristic loop
structure between the 52 and 33 strands. The 52-3 loop
structure was quite similar to those of the U2AF65 RRM?2
and the Sex-lethal RRM1 and RRM2, which bind to
polypyrimidine tracts at the 3" splice site but lack strong
amino acid sequence similarity with the TIA-1 RRM2, except
for the f32-83 loop region. Therefore, we refer to this
characteristic structure as the 32-42" -loop. Chemical shift
perturbation analyses using a uridine pentamer RNA revealed
that this S-loop structure is involved in the RNA-binding
activity of the TIA-1 RRM2, together with the [-sheet
surface. The similarity between the RNA-binding modes of
the TIA-1 RRM2 and the U2AF65 RRM2 provides a basis
for understanding the RNA recognition manner of TIA-1.

MATERIALS AND METHODS

Protein Expression and Purification. For the protein
production, we utilized in vitro cell-free and in vivo protein
production systems. In the in vitro cell-free system, the DNA
fragment encoding the second RRM domain (GIn89—GIn190)
of mouse TIA-1 (SwissProt accession no. P52912) was
amplified by PCR from the murine full-length cDNA clone.
This DNA fragment was cloned into the expression vector
pCR2.1 (Invitrogen), as a fusion with an N-terminal native
His affinity tag and a TEV protease cleavage site. The '3C/
ISN-labeled fusion protein was synthesized by the cell-free
protein expression system (15, 16). The lysate was clarified
by centrifugation at 16000g for 20 min and filtration with a
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0.45 mm membrane (Millipore). The clarified lysate was
applied to a 5 mL His-trap column (GE Healthcare Bio-
sciences), which was eluted with an imidazole gradient from
20 to 500 mM, and the tag was removed by an incubation
with TEV protease for 1 h at 30 °C. The cleaved His tag
was segregated from the cleaved protein by rechromatograpy
using a His-trap nickel column.

For the in vivo protein production system, the amplified
DNA fragment was cloned into the expression vector
pGEX6P-1 (GE Healthcare), as a fusion with an N-terminal
glutathione S-transferase (GST) tag and a TEV protease
cleavage site. The '3C/'*N-labeled fusion protein was over-
expressed in Escherichia coli strain BL21(DE3) cells using
modified minimum medium supplemented with 50 mg/L
ampicillin (/7). The harvested culture was lysed by sonica-
tion in phosphate buffer, containing 1 mM DTT, 1 mM
PMSF, and protease inhibitor cocktail for general use
(Nacalai Tesque). The lysate was applied to a glutathione-
Sepharose 4 Fast Flow (GE Healthcare) column and was
eluted by 10 mM reduced glutathione. The tag was removed
by an incubation with TEV protease overnight at room
temperature. The tag-free TIA-1 RRM2 was further purified
by RESOURCE S column chromatography (GE Healthcare).
The NMR samples were concentrated to approximately 1.1
mM in 20 mM d-Tris-HCI buffer (pH 7.0), containing 100
mM NaCl, 1 mM 1,4-pL-dithiothreitol-d,y (d-DTT), and
0.02% NaNj; (in 90% 'H,0/10% °H,0), using an Amicon
Ultra-15 concentrator (5000 MWCO; Millipore).

NMR Spectroscopy. NMR experiments were performed at
25 °C on 800 MHz spectrometers (Bruker AV800). The 'H,
5N, and 3C chemical shifts were referenced relative to the
frequency of the H lock resonance of water. Backbone and
side-chain assignments were obtained by using a combination
of standard triple resonance experiments (/8). 2D ['H,!’N]-
HSQC, and 3D HNCO, HN(CA)CO, HNCA, HN(CO)CA,
HNCACB, and CBCA(CO)NH spectra were used for the 'H,
5N, and 3C assignments of the protein backbone. Side-chain
"H and C assignments of the nonaromatic side chains,
including all Pro residues, were obtained using 2D ['H,'3C]-
HSQC, and 3D HBHA(CO)NH, H(CCCO)NH, (H)CC(CO)-
NH, HCCH-COSY, HCCH-TOCSY, and (H)CCH-TOCSY
spectra. Assignments were checked for consistency with 3D
N-edited ['H,'H]-NOESY and '*C-edited ['H,'"H]-NOESY
spectra. The 'H and '*C spin systems of the aromatic rings
of the Phe, Trp, His, and Tyr residues were identified using
3D HCCH-COSY and HCCH-TOCSY spectra, and the 3D
3C-edited ['H,'H]-NOESY spectrum was used for the
sequence-specific resonance assignment of the aromatic side
chains. NOESY spectra were recorded with mixing times
of 80 ms. The 2D and 3D spectra were processed using
NMRPipe (/9). Analyses of the processed data were
performed with the programs NMRView (20) and KUJIRA
(21).

For the amide chemical shift titration experiments, the
U/C-pentamer RNA (5’-[UUUUU]-3" and 5’-[CCCCC]-3")
(Dharmacon) was dissolved in 20 mM d-Tris-HCI buffer (pH
7.0) containing 100 mM NaCl and 1 mM d-DTT to make a
6 mM solution. 2D ['H,*N]- and ['H,"*C]-HSQC spectra
were recorded while increasing the concentration of the RNA
relative to that of the TIA-1 RRM2 solution [0.1 mM (Figure
8) and 0.53 mM (Figure 7)] to a final 1:2.0 ratio of TIA-1
RRM2/RNA.
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The measurements of the nitrogen relaxation times, 7 and
T,, and the proton—nitrogen heteronuclear NOEs were
performed on a 600 MHz spectrometer with a cryoprobe
(Bruker AV 600) at 25 °C, using the "N,!3C-labeled TIA-1
RRM2 at 0.53 mM (22). Eight different relaxation delays
were recorded for the N Ty (T} delays = 5, 65, 145, 246,
366, 527, 757, and 1148 ms) and N T, (T, delays = 32,
48, 64, 80, 96, 112, 128, and 144 ms) relaxation experiments.
The >N T and "N T values were extracted using a curve-
fitting subroutine included in the Sparky program (T. D.
Goddard and D. G. Kneller, SPARKY 3, University of
California, San Francisco). The proton—nitrogen hetero-
nuclear NOE values were calculated as the ratio between
the cross-peak intensities with (I) and without (I) 'H
saturation (I/Iy). The errors were estimated from the root
mean square of the baseline noise in the two spectra (22).
Using the TENSOR2 software (23), the correlation time
was analyzed using the 71/T»/NOE values of residues GIn89—
GIn190, except for Phe97, Vall0Ol, Phel46, Ser182, and
proline residues.

Structure Calculations. The three-dimensional structures
of the complex were determined by combined automated
NOESY cross-peak assignment (/8) and structure calcula-
tions with torsion angle dynamics (24) implemented in the
program CYANA, version 2.0.17 (25). Dihedral angle
constraints for ¢ and ¥ were obtained from the main-chain
and *CP chemical shift values using the program TALOS
(26) and by analyzing the NOESY spectra. Structure calcula-
tions started from 100 randomized conformers and used the
standard CYANA simulated annealing schedule (24) with
20000 torsion angle dynamic steps per conformer. The 20
conformers with the lowest final CYANA target function
values were subjected to restrained energy minimization in
a water shell with the program OPALp (27), using the
AMBER force field (28). PROCHECK-NMR (29) and
MOLMOL (30) were used to validate and to visualize the
final structures, respectively. Using MOLMOL (30), the
hydrogen bonds were analyzed on the basis of the following
criteria: the distance between the donor and acceptor atoms
is smaller than 2.4 A, and the supplementary angle between
the line formed by the donor and hydrogen atom and the
line formed by the acceptor and hydrogen atom is smaller
than 35°. If the hydrogen bonds were found in more than 4
of the 20 structures (20%) by MOLMOL, we approved of
the presence of the hydrogen bonds, according to Auweter
et al. (37). The electrostatics were calculated by MOLMOL,
using the Poisson—Boltzmann equation (32).

Structure Analyses. The 106 RRMs from the PDB were
used for the structural comparison. The lengths and amino
acid compositions of the S1-al, $2-3, and a2-34 loops
were examined. A total of 364 human RRMs were identified
in the SMART sequence database (33), based on the
definition of RRMs provided by the Pfam database (34).
Their amino acid sequences were aligned using the ClustalX
software (35). Similarity in the amino acid composition was
assessed on the basis of the categorization of the amino acid
residues as aliphatic (Ala, Val, Leu, Ile, and Met), aromatic
(Phe, Tyr, and Trp), basic (Lys and Arg), acidic (Asp and
Glu), neutral (Ser, Thr, Cys, Asn, Gln, and His), or small
(Gly and Pro).

For the examination of the structural similarity of the 52-
/33 loop, we selected 25 RRMs with 32-33 loops of the same
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Table 1: Summary of Conformational Restraints and Structural Statistics
for the 20 Energy-Refined Conformers of the Murine TIA-1 RRM2
Structure

NOE upper distance restraints

intraresidual (Ii — jl = 0) 417
sequential (li — jl = 1) 485
medium range (1 < 1i —jl <5) 323
long range (li — jl = 5) 795
total NOE 2020
dihedral angle restraints (including 89 111

@/ dihedral angle restraints from TALOS)“

CYANA target function value (Az) 0.065 £+ 0.017
distance restraint violations >0.2 A 0
dihedral angle restraint violations >5° 0
AMBER energies” (kcal/mol)
total —4181 £ 935
van der Waals =262 £ 11
electrostatic —4688 £ 94
Ramachandran plot statistics (%)
residues in most favored regions 88.0
residues in additionally allowed regions 12.0
residues in generously allowed regions 0.0
residues in disallowed regions 0.0
average rmsd from mean coordinates” A)
backbone 0.29
heavy atoms 0.64

“See ref 26. ¥ See ref 28. © See ref 29. ¢ For the structured regions
comprising residues 97—173 of TIA-1 RRM2.

length as that of the TIA-1 RRM2 and calculated the rmsd
values for the residues corresponding to residues 139—143
of the TIA-1 RRM2. Simultaneously, the differences in the
@ and 1 dihedral angles for the corresponding residues were
evaluated among these RRMs. Namely, the ¢ and 1 dihedral
angles for each residue were classified into three categories,
based on the Ramachandran diagram: a-helix, S-strand, and
others. The “dihedral angle difference score” of each RRM
was then defined as the number of amino acid residues that
were classified into different categories from those of the
corresponding residues in the TIA-1 RRM2.

Isothermal Titration Calorimetry (ITC) Measurements.
ITC measurements were performed at 25 °C by using a
Microcal (Amherst, MA) VP-ITC calorimeter. Samples were
buffered with 20 mM Tris-HCI (pH 7.0), 100 mM NaCl,
and 1 mM DTT and were thoroughly degassed before use.
At first, a 2.0 mL aliquot of 10 uM TIA-1 RRM2 was placed
in the cell chamber. A 20-fold concentration of the four kinds
of pentamer RNAs (5’-[UUUUU]-3’, 5’-[CCCCC]-3", 5'-
[AAAAA]-3’, and 5-[GGGGG]-3’) was then injected into
it. Hereafter, these RNAs are referred as to U5, C5, A5, and
G5 RNAg, respectively. The heat generated due to dilution
of the titrants was very small and was ignored for the
analysis. The data were analyzed with Microcal ORIGIN
software, using a binding model that assumes a single site
of interaction.

RESULTS AND DISCUSSION

Solution Structure of the Second RRM Domain of Murine
TIA-1. Using standard multidimensional heteronuclear NMR
spectroscopy, we assigned 99.4% of the main-chain reso-
nances and 88.3% of the side-chain resonances of residues
96—176 of the murine TIA-1 RRM2 (see Materials and
Methods). We determined the solution structure of the TIA-1
RRM2 on the basis of 2020 'H—"H distance constraints from
nuclear Overhauser effect spectroscopy (NOESY) and 111
torsion angle restraints (Table 1). Out of 100 independently
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calculated structures, 20 with the lowest CYANA target
function values were subjected to restrained energy mini-
mization (27). The resulting RRM structures (residues
96—176) were well determined and highly converged (0.52
A rmsd) (Figure 2A and Table 1), while the N- and
C-terminal extensions were disordered. The overall structure
of the TIA-1 RRM2 adopts a canonical RRM fold (So550,5)
(Figure 2B). Residues 97—102 (1), 123—131 (2), 140—145
(83), and 169—173 (B4) constitute the four-stranded anti-
parallel [-sheet (Figure 2B, left panel). Helix 1 (o,
110—120) and helix 2 (a2, 148—157) are formed between
the 1- and f32-strands and between the 53- and 4-strands,
respectively, and underpin the f-sheet (Figure 2B, right
panel).

The 3’-3” p-Hairpin. In addition to the 51, 52, 83, and
P4 strands, a short S-hairpin was identified between o2 and
P4 (B3, Trpl62-Leul63; 537, Argl66-Gln167) (Figures 2B
and 3A). The 33’-$3” B-hairpin intimately contacts the [1-
ol loop and the ol helix and forms hydrophobic interactions
involving Leul04 and Ile108 from the S1-al loop, Tle113,
Alall16, and Phell7 from the ol helix, Metl158 from the
02-3" loop, Leul63 from the 33’-33” -hairpin, and Ile168
from the [33”-f4 loop (Figure 2E). Thus, the [33’-53”
p-hairpin is highly ordered in the 20 conformers that
represent the solution structure (Figure 2A). The eight
hydrophobic residues are conserved in a wide variety of
organisms (Figure 1B) and form a hydrophobic patch on the
o-helical surface (Figure 2D, right panel).

Characteristic Conformation of the 2-2" 3-Loop. The
2 strand is longer than those of other RRMs, as it is
extended on the C-terminal side by two residues (Lys130
and Aspl31) with a slight kink at Val129 (Figures 2B and
3B). The Vall29-Lys130-Aspl31 strand hydrogen bonds
with an extra (-strand formed between 2 and 3 (52,
Lys136-Ser137-Lys138) (Figures 1B, 2B, and 3B). Between
the 52 and 2’ strands, residues 132—135 form a type I
B-turn (Figure 2F). The O° atom of Asp131 is located close
to the H” atom of Thr134 and the HY atoms of Alal33 and
Thr134. The O” atom of Thr134 is located close to the HY
atom of Lys136. The Asp and Thr residues may contribute
to the characteristic loop conformation. On the other hand,
a single bulged-out residue, Gly139, intervenes between the
2" and f33 strands (Figure 3B). In the 20 conformers (Figure
2A), the Gly139 residue exhibits ¢ and 1 values of +122
4 29° and —22 + 9°, respectively, which are different from
those of typical f-strands. This particular conformation,
characterized by the 2:52" pairing and the S-turn with the
putative hydrogen bonds (Figure 2F), is shared by all 20 of
the conformers (Figure 2A). Hereafter, we refer to the [32-
B3 loop (Lys130-Gly139) as the 52-52" f-loop. The 52-52’
p-loop protrudes from the -sheet surface and has a negative
charge contributed by Aspl31, located at the C-terminus of
the 52 strand (Figure 2C, left panel).

Positively Charged Surface. As indicated in Figure 2C,
the solvent-accessible surface of the [-sheet is highly
positively charged, with five basic residues, Arg127 (the 32
strand), Lys138 (the 2’-(3 loop), Argl69 (the 4 strand),
and Argl75 and Lys176 (the C-terminal extension). In
addition, the top and bottom sides of the 3-sheet surface are
also positively charged, by His96 and His98 (the N-terminal
region of the 1 strand) as well as Lys136 (the 32’ strand)
and Argl66 (the $3” strand). These positively charged
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FIGURE 2: Solution structure of the second RRM domain of TIA-1. (A) Superimposition of the 20 lowest energy conformers of the TIA-1
RRM2 (His96—Lys176). Blue lines represent C* traces. (B) Ribbon representation of the TIA-1 RRM2. The secondary structure elements
and the sequence numbering are indicated (left panel, S1-p4, 52°, f3’, and 53”; right panel, al and a2). (C) Electrostatic surface potential
of the TIA-1 RRM2. Positive and negative potentials are colored blue and red, respectively. The molecular orientation is the same as in (B).
(D) Surface properties of the TIA-1 RRM2. The hydrophobic residues (Ala, Ile, Leu, Met, Phe, Pro, Trp, and Val) are colored green. The
molecular orientation is the same as in (B). (E) Hydrophobic core formation by the 33’-3” loop. The side chain of the Leul63 residue is
colored magenta. The side chains of the residues that form the hydrophobic core with the 33-33" loop are colored blue. (F) Potential
hydrogen bonds formed within the 52-52" -loop. The hydrogen bonds were calculated by MOLMOL and are represented by broken lines
(see also Materials and Methods). The main chains and the side chains of the Asp131 and Thr134 residues are shown by gray and pale
yellow sticks, respectively (red, oxygen; blue, nitrogen; green, amide proton).

residues surround the aromatic residues, Phel00, Tyr140,
and Phe142, within the RNP motifs on the 31 and /3 strands.
On the other hand, the o-helical surface is negatively
charged, by Glul07 (the S1-al loop), Glul11 and Aspl12
(the N-terminal region of the al helix), and Asp150 and
Glul52 (the a2 helix) (Figure 2C).

Comparison of the 1-al and a2-4 Loops of the TIA-1
RRM?2 with Those of Other RRMs. In almost all of the RRM
domains, the aromatic residues of the RNP motifs on 31 and
B33 directly contact the RNA bases by stacking interactions
(36). In addition, the S1-al, 2-3, and a2-f34 regions play
important roles in the RNA recognition (36). Therefore, we
compared the structures of these loops in the TIA-1 RRM2
with those in other RRMs. We examined the sequences of
106 RRMs with solved structures and found that about
70—80% of them have S1-a.1 and 02-4 loops with the same
lengths as those in the TIA-1 RRM2 (Figure 4A,B). The
two loop regions in most of these RRMs are structurally
similar to those of the TIA-1 RRM2 (Supporting Information
Figure SIA—D), although their RNA-binding specificities
are diverse. Furthermore, a sequence analysis of the two loop

regions identified Leul04, Ile108, Leul63, and Ile168 as the
most conserved residues (Figure 4A,B). These hydrophobic
amino acid residues are buried inside the molecule (Sup-
porting Information Figure S1A,C), indicating that they are
involved in the formation of the tertiary structure. On the
other hand, the RNA-binding surface has various types of
amino acid residues, which show a negligible correlation with
their positions in the amino acid sequence (Figure 4A,B).

Comparison of the f2-3 Loops. In contrast to the S1-
ol and a2-£4 loops, both the length and conformation of
the 52-43 loop are diverse among the RRMs (37). As
described above, the [2-3 loop in the TIA-1 RRM2
assumes a characteristic conformation, designated as the
p2-p2" B-loop. To determine whether the 52-83 loops in
other RRMs exhibit the same structural characteristics as
those of the TIA-1 RRM2 (2-42’ B-loop, we examined
the sequences of the 106 RRMs with solved structures
and found that 25 of them have a 2-3 loop with the
same length as that of the murine TIA-1 RRM2 (10 amino
acid residues, corresponding to Lys130—Gly139). In 19
of the 25 RRM structures, the 52-33 loops are well ordered
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FIGURE 3: Schematic representation of the $-hairpin and the 52-32" B-loop structures. (A) Schematic representation of the S-hairpin structure.
Interstrand and sequential NOEs are represented by double-ended continuous and broken arrows, respectively. The dihedral angle values
of four residues (Trp162, Leul63, Argl66, and GIn167) are included in the -sheet region of the Ramachandran plot (Trp162, —118.8 <
@ < —104.5° 158.8 < 9 < 99.2° Leul63, —158.9 < ¢ < —85.1°, 130.7 < y < 112.0°% Argl66, —148.6 < ¢ < —129.2°, 166.0 <
< 147.1°% GInl67, =779 < ¢ < —66.1°, 174.9 < 1 < 136.2°). The hydrogen bonds were calculated by MOLMOL and are represented
by broken lines. These results indicated that the S-hairpin is formed by residues 162—163 (43") and 166—167 ($3”) in the S1-54 loop
region. (B) Schematic representation of the 32-42" -loop structure. Interstrand and sequential NOEs are represented by double-ended
continuous and broken arrows, respectively. The dihedral angle values of five residues (Val129, Lys130, Asp131, Lys136, and Ser137) are
included in the (-sheet region of the Ramachandran plot (Vall29, —86.2 < ¢ < —57.9°, 146.8 < y < 133.1°; Lys130, —1409 < ¢ <
—123.6°, 164.3 < 3 < 145.8°; Aspl131, =75.3 < ¢ < —59.0°, 158.4 < y < 107.6° Lys136, —100.9 < ¢ < —79.0°, 163.4 < ¢ < 141.5%
Ser137, —66.1 < ¢ < —46.3°,130.1 < 1 < 117.3°). In addition, the ¢ value of Lys138 is included in the /3-sheet region of the Ramachandran
plot. The hydrogen bonds were calculated by MOLMOL and are represented by broken lines. These results indicated that the additional
[-strand, formed between 52 and 3 (residues 136—138: 32"), pairs with the C-terminal region of 52 (residues 129—131).

and their conformations are strikingly similar to that of for example, U2AF65 with poly(U) (38), Sex-lethal with
the TIA-1 RRM2, with rmsd values smaller than 1.0 A a U-rich RNA (39), HuD with an AU-rich element (40),
(Figure 4D, left panel). Some of the 19 RRM structures and poly(A)-binding protein with poly(A) (4/) (Supporting
were determined as the RRM+RNA complex structures, Information Figure S1E,F). In the other six RRM struc-
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RRMs with structures that have been solved and with the same loop length as that of the TIA-1 RRM2 (88 RRMs among a total of 106
RRMs, i.e., 83%). (B) Comparison of the amino acid compositions of the a2-84 loop between the TIA-1 RRM2 and other RRMs, as
described in (A) (75 RRMs among a total of 106 RRMs, i.e., 71%). (C) Comparison of the amino acid compositions and sequences of the
2-f33 loop in the RRM domains. The top and second panels show the comparison of the amino acid compositions of the 52-33 loop
between the TIA-1 RRM2 and other RRMs, as described in (A) (25 RRMs among a total of 106 RRMs, i.e., 24%). The third and bottom
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identity, and gray bars represent the difference between similarity and identity. (D) Distribution of structural similarity. The left and right
panels show the frequency distributions of the RRMs from the PDB, with the indicated rmsd values and dihedral angle difference scores,
respectively. Black and gray bars represent structures solved by X-ray and NMR, respectively. (E) Distribution of RRM sequence identities
against the murine TIA-1 RRM2. The RRM sequences were obtained from the SMART database. The sequence identities of the entire
RRMs are sorted in ascending order. RRMs with a 32-82" S-loop highly similar to that of the murine TIA-1 RRM2 (rmsd < 1.0 A) are
indicated in red.

tures, all of which were solved in solution, the 52-33 loops
are highly disordered and exhibit much larger rmsd values.

structural difference. For example, the “dihedral angle
difference score” is O when there is no difference in the

These observations suggest that the 52-83 loop might
adopt essentially the same conformation when it is
ordered.

A Structural Subfamily of RRMs Characterized by the [32-
B2" B-Loop Conformation. In addition to the rmsd values,
we estimated the structural similarity between the 2-£3
loops by examining the dihedral angles ¢ and 1 as follows.
Each residue in the f32-83 loop was classified into three
categories (a-helix, B-strand, and others) on the basis of the
@/ pattern and was compared between the murine TIA-1
RRM?2 and other RRMs. The number of amino acid residues
in different categories from those of the corresponding
residues in the TIA-1 RRM2 provides a score for the local

categories of all of the 10 amino acid residues constituting
the f32-3 loop or when the ¢/ patterns are the same as
those of the TIA-1 RRM2 throughout the 52-3 loop (Figure
4D, right panel). Among the above-mentioned 25 RRMs with
the 10-residue f32-63 loop, the scores of 15 RRMs (60%)
were 0, and only two RRMs had scores higher than 2 (Figure
4D, right panel). Furthermore, five of the above-mentioned
six RRMs with larger rmsd values also had scores lower
than 2. Therefore, even when the 32-33 loops were disor-
dered, their main-chain conformations did not differ much
from that of the TIA-1 RRM2. This implies that the 52-32
p-loop conformation could define a structural subfamily in
the RRM family.
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The Novel Sequence Motif, DxxT, in the 52-2 3-Loop.
The sequence analysis of the 25 RRMs identified the well-
conserved Asp and Thr residues (corresponding to Asp131
and Thr134 of murine TIA-1) in the 52-42" -loop (Figure
4C), while the f1-al and a2-$4 loops conserve some
hydrophobic residues. Therefore, we examined not only
the frequency of the amino acid type but also the identity
at each position and found that the amino acid identities
at these two positions are higher than 80% and even higher
than that of Lys138 within the RNP1 motif (Figure 4C).
In contrast, the two residues following Asp131 (Met132
and Alal33) show much lower similarity among the 25
RRMs (identities of 4% and 12%, respectively) (Figure
4C). Therefore, we will refer to this sequence motif as
the “DxxT” motif hereafter. The DxxT motif is particularly
well conserved in the 19 RRMs with 52-43 loops that
are well ordered and highly similar to that of the TIA-1
RRM2 (rmsd < 1.0 A). Moreover, the three residues bet-
ween the DxxT and RNPI motifs are relatively well
conserved (identities/similarities of 48%/50%, 15%/44%,
and 62%/76%, respectively) (Figure 4C).

The Subfamily of RRMs with the DxxT Motif in the 10-
Residue 2-2" 3-Loop. We searched the SMART database
(33) for all RRMs encoded in the human genome, using the
definition of RRMs provided by the Pfam database (34), and
thus identified 363 RRMs (excluding the human TIA-1
RRM2). As shown in Figure 4E, we examined the identity
between the entire sequence of the murine TIA-1 RRM2 and
those of the 363 RRMs. The U2AF65 RRM2 shows 30%
identity, which is similar to those of many other RRMs and
does not seem to be outstanding. Moreover, the RRMs with
B2-p2" B-loops that are very similar to that of the TIA-1
RRM2 (rmsd < 1.0 A) showed sequence identities from 14%
to 38% and were widely distributed in the ranking of the
RRMs based on the sequence identity against the murine
TIA-1 RRM2 (Figure 4E). In addition, the fruit fly Sex-lethal
RRM1 and RRM2 showed 29% and 20% identities, respec-
tively, against the murine TIA-1 RRM2. On the other hand,
as many as 55 of the 363 human RRMs have 10-residue
B2-2" B-loops, and interestingly, as shown in Figure 4C,
the DxxT motif is particularly well conserved in these 55
RRMs. Therefore, RRMs that have the 10-residue [52-32’
pB-loop with the DxxT motif appear to constitute a unique
“subfamily” in which the entire amino acid sequences of the
members do not particularly show high homology. This
“subfamily” defined by the structural feature may be a
consequence of either convergent or divergent evolution.

Dynamic Properties of the Murine TIA-1 RRM?2. To define
the flexible and rigid parts of the TIA-1 RRM2, we analyzed
the dynamics by measuring the backbone nitrogen relaxation
times 7 and 75 and the proton—nitrogen heteronuclear NOEs
(Figure 5). In addition to the RRM core (residues 97—173),
we assigned the N- and C-terminal extensions (residues
89—96 and 175—190, respectively), except for a few residues
(see the legend of Figure 5). The T, values for the majority
of the residues in the RRM core (average of 0.62 s for
residues 97—173) are significantly larger than those for the
N- and C-terminal extensions (average of 0.36 s for resi-
dues 89—96 and 175—190) (p value of r-test < 0.01). The
T, values for the RRM core are also distinct from those for
the N- and C-terminal extensions (66 and 120 ms, respec-
tively, on average) (p value of 7-test < 0.01). Moreover, the
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FIGURE 5: Dynamics of the TIA-1 RRM2. The resonance peaks of
Phe97 and Ser182, which overlapped each other, are not shown.
In the proton—nitrogen heteronuclear NOEs, residues with error
bars larger than 1 are also not shown (Vall01 and Phe146), because
the values of proton—nitrogen heteronuclear NOEs are smaller than
1, in theory (22).
heteronuclear NOE values for the RRM core (average 0.76)
are also much larger than those of the N- and C-terminal
extensions (average ~0.0 for residues 89—96 and 175—190)
(p value of t-test < 0.01). Therefore, the disordered N- and
C-terminal extensions are more flexible than the rest of the
RRM in solution. Intriguingly, the NOE value for the Met132
residue is different from those for the RRM core. In addition,
the T values for the Met132 and Alal33 residues and the
T, value for the Alal33 residue differ from those for the
RRM core. These results indicate that the two residues, which
are located between the 52 and 52’ strands and correspond
to the “xx” in the DxxT motif, are slightly more flexible in
solution (42). From the T,/T,/NOE analysis, the correlation
time of TIA-1 RRM2 was estimated to be 5.5 x 107 (22).
On the basis of the correlation time, the effective hydrody-
namic radius of the TIA-1 RRM2 molecule was calculated
as 18 A, indicating a monomeric protein (43).

Chemical Shift Perturbation Analysis of the TIA-1 RRM?2
upon RNA Binding. The TIA-1 RRM2 reportedly binds
strongly and stably to a uridine-rich RNA sequence (i.e., five
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FIGURE 6: ITC measurements of TIA-1 RRM2 binding to four kinds of RNA pentamers: (A) US RNA, (B) C5 RNA, (C) A5 RNA, and (D)
G5 RNA. Raw data as a function of time are shown in the top panel, and a plot of the total heat released as a function of the molar ratio
of RNAs is shown in the bottom panel. The continuous line represents the nonlinear, least-squares best fit to the experimental data using
a one-site model. The values of the fitted parameters are shown in the box.

consecutive uridines) (/3). Consistent with the previous
study, the TIA1 RRM2 strongly bound to U5 RNA (K4
approximately 30 uM), but not to A5/C5/G5 RNAs, in ITC
measurements (Figure 6). Therefore, we examined the
binding of U5 RNA to this RRM by a chemical shift
perturbation analysis (Figure 7 and Supporting Information
Figure S2; see also Materials and Methods). We mixed the
RNA with the TIA-1 RRM2 at protein:RNA ratios from 1:0
to 1:1.9. Some of the main-chain "H—'SN resonances shifted
in a continuous manner with the increasing RNA concentra-

tion (Supporting Information Figure S2). We assigned all
of the backbone amide resonances of residues 89—190 by
analyzing the NOESY spectra, except for Aspl103, Thr174,
and Lys176 (Figure 7A). In particular, the cross-peak of
Gly139 in the 52-62" 3-loop, which belongs to the RNP1
motif and is proximal to the DxxT motif, was strongly
affected upon RNA binding: it shifted to a higher magnetic
field and was simultaneously broadened until the RNA
concentration was about 0.4-fold over the TIA-1 RRM2
concentration (Supporting Information Figure S2C). When
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FIGURE 7: Quantification of the chemical shift perturbation values of the TIA-1 RRM2 upon RNA binding (ratio of protein:RNA = 1:1.1,
protein concentration 0.53 mM). (A) Main-chain amide protons and nitrogens. The perturbation values were obtained from the ['H," N]-
HSQC spectrum. The absolute values of the chemical shift change Ad (!°N + 'Hy) are shown. Ad (N + 'Hy) was calculated as follows:
AS (BN + Hy) = (015n® + 01y®)12. Perturbation values greater than the 75% baseline (0.1070 ppm) plus three times the standard deviation
of the baseline (3 x 0.0793 ppm) were defined as significant perturbations (i.e., the significance level is 0.34 ppm). Black letters indicate
amino acid residues with significant chemical shift changes. Asp103 and Lys176, with resonances that disappeared after the addition of the
RNA, are indicated by blue asterisks. We could not assign the resonances of the main-chain amide protons and nitrogen of Thr174, as is
indicated by red asterisks. (B) Side-chain chemical shift perturbation values in the ['H,'3C]-HSQC spectrum. Ad (13C + 'H) was calculated
as follows: Ad (3C + 'Hy) = (d13c? + 0y?)2 The average perturbation value of the atoms assigned in each residue is shown. The
definition of a significant perturbation is the same as in (A) (0.1 ppm). Residues with significant chemical shift changes are indicated. The
resonances of the C¢ atom of Phe142 disappeared upon RNA binding. (C) Ribbon representation of the TIA-1 RRM2. The chemical shift
perturbation values of the main-chain amides are color coded from white (0 ppm) to red (1.9 ppm). Asp103 and Lys176, with resonances
that disappeared after the addition of the RNA, are colored blue. The side chains of residues with significant side-chain chemical shift
perturbations upon RNA binding are shown in green.

the RNA concentration reached 1.2-fold over the protein RNA-bound and RNA-free states of the protein is fast in
concentration, the cross-peak of the main-chain amide comparison with the NMR time scale.

resonance of Glyl39 was sharpened and remained at To further investigate the RNA binding to the TIA-1
the same chemical shift value (Supporting Information Figure RRM2, we quantified the effects of the U5 RNA on the

S2C). This indicates that the exchange rate between the chemical shift values of the main-chain amide resonances,
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blue asterisks indicate the residues with resonances that either overlapped or disappeared after the addition of the RNA.

using the ['H,'>N]-HSQC spectra (Figure 7A). The cross-
peaks of the residues located in A1 (His98, Val99, and
Gly102), 52 (Alal26, Argl27, and Val128), 33 (Phe142 and
Ser144), and 54 (Thr170, Asnl71, Trp172, and Alal73) were
significantly affected (Figure 7A). In addition, the cross-peaks
of the residues in the N-terminal region (Ser94), the S1-al
loop (Ser105 and Thr110), al (Lys114), the 52-82" -loop
(Lys138 and Gly139), the 53’-$3” [-hairpin (Glyl65 and
[le168), and the C-terminal region (Argl75 and Glu190) were
significantly affected (Figure 7A).

In the case of U5 RNA binding, we also investigated the
chemical shift perturbations of the side-chain resonances in
the ['H,"*C]-HSQC spectra, using "SN,"*C-labeled TIA-1
RRM2 (Figure 7B). The residues with side-chain cross-peaks
that were affected by RNA binding correspond to those with
affected main-chain amide resonances: the side-chain cross-
peaks of the residues located in 1 (Phe97, His98, and
Phel00), 52 (Alal26, Argl27, Vall29, and Aspl31), 53
(Phe142, Vall43, and Ser144), and 4 (Trp172 and Alal73)
were significantly affected (Figure 7B). In addition, the side-
chain cross-peaks corresponding to the 51-ol loop (Asp103
and Leul04), the 2-52" f-loop (Lys138), the [(3’-(53”
p-hairpin (Argl66), and the C-terminal region (Argl75 and
Lys176) were strongly affected (Figure 7B).

Therefore, the residues on the f3-sheet surface and those
proximal to the f-sheet are likely to contribute to RNA
binding by the TIA-1 RRM2 (Figure 7C). On the other hand,
although Glul90 also displayed a significant main-chain
chemical shift perturbation, no significant side-chain pertur-
bation was observed for this residue, suggesting that Glu190
is less likely to be involved directly in the RNA recognition
by the TIA-1 RRM2. Importantly, the chemical shifts of the

amide resonances from both aromatic residues (Phe100 and
Phe142) in the RNP were significantly affected by the RNA.
In this context, large chemical shift perturbations were
reportedly observed for the amide resonances from the RNP
residues in the canonical RRMs when they directly contact
the RNA bases through stacking interactions (37). Therefore,
our results suggest that both of the aromatic RNP residues
in the TIA-1 RRM2 also play important roles in the RNA
recognition, probably through stacking interactions with the
RNA bases. All of the residues involved in the interactions
with the RNA are located in the positively charged patches,
suggesting that electrostatic interactions contribute to the
RNA-binding activity of the TIA-1 RRM2 (Figures 2C and
7C). In summary, the TIA-1 RRM2 interacts with the U5
RNA via its f5-sheet surface, including the S1-al loop, the
B2-2’ p-loop, and the C-terminal region slightly downstream
of the 34 strand.

For comparison, we selected another pyrimidine stretch,
C5 RNA, according to a previous report (8) and examined
the binding of the C5 RNA to the TIA-1 RRM2 by a
chemical shift perturbation analysis (Figure 8; see also
Materials and Methods). Although the ITC experiments
indicated that the binding between C5 RNA and TIA-1
RRM?2 is not very strong, the C5 RNA showed a chemical
shift perturbation pattern relatively similar to that of the U5
RNA. However, Gly139 in the 2-32" f-loop, which is
proximal to the DxxT motif, was not strongly affected by
the C5 RNA, as compared to the U5 RNA binding (Figure
8). The difference may reflect the sequence specificity of
TIA-1 RRM2.

Comparison of the RNA-Binding Residues of the TIA-1
RRM?2 with Those of RRMI and RRM3. Among the three
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FIGURE 9: Comparison of the RNA recognition modes between the TIA-1 RRM2 and other RRMs. (A) Multiple sequence alignment of the
TIA-1 and other RRMs. The RRMs from mouse TIA-1 (AAH46812), the fruit fly Sex-lethal protein (AAA28922), and the human U2AF65
protein (CAA45409) were aligned using ClustalX (44). Secondary structure elements are depicted with blue arrows (f-sheet) and red
cylinders (o-helix) above the sequence alignment. The signature sequences of RNP1 and RNP2 are depicted by the black lines. The red
letters indicate the residues that contribute to RNA recognition (38, 39). The blue circles indicate the residues that appear to play important
roles in the RNA recognition and are conserved among the three RRMs of TIA-1. (B) Superposition of the RNA molecule from the
protein—RNA complex structures of U2AF65 RRM2 on the TIA-1 RRM2. The protein—RNA complex structures were superposed on the
TIA-1 RRM2 with reference to the 51 and /33 strands. Amino acid residues with significant side-chain chemical shift changes upon RNA

binding on the S-sheet surface are represented by stick models.

RRMs in TIA-1, only RRM2 has sequence-specific RNA-
binding activity, and the TIA-1 RRM3 reportedly binds to
cellular RNA only weakly in a non-sequence-specific manner
(13). Therefore, we compared the TIA-1 RRM2 and the other
two RRMs of TIA-1 (RRM1 and RRM3) (Figure 9A). We
focused on the solvent-accessible residues on the [3-sheet
surface that showed chemical shift perturbations for the side-
chain resonances: His98, Phe100, Asp103, Argl27, Vall29,
Aspl31, Lys138, Phel42, Ser144, Argl66, Alal73, Argl75,
and Lys176. As shown in Figure 9A, the conservation of
these 13 residues among the three RRMs in murine TIA-1
is only about 30%; four residues (Phel00, Argl127, Aspl131,
and Phel42), of which two are the RNP motif residues, are
essentially conserved in the three RRMs. The four conserved
residues are located at the center of the S-sheet surface and
at the C-terminus of the 2 strand. On the other hand, the
positively charged residues surrounding the aromatic residues
in the RNP are not conserved. In addition, although the /32-
3 loop of RRM2 is characteristic (“the 32-52" B-loop”),
those of the other RRMs are different; RRM1 does not have
a positively charged residue immediately upstream of the
p3 strand, and the length of the 2-83 loop in RRM3 is
shorter than 10 amino acid residues (Figure 9A). These

differences in the surface properties could confer the distinc-
tive sequence-specific RNA-binding property of RRM2.
Similarity in the RNA-Binding Mode between the TIA-1
RRM?2 and the U2AF65 RRM2. We compared the TIA-1
RRM2 with other RRMs that bind to U-rich RNA sequences
from U2AF65 and Sex-lethal (Figure 9A). Both of them bind
to U-rich RNAs by two tandemly repeated RRMs (RRM1
and RRM?2) (38, 39). All of them hold the RNAs on their
[-sheet surface through stacking interactions with the
aromatic rings in the RNP (Supporting Information Figure
S3A). In addition to the -sheet, these RRMs utilize the loops
connecting the secondary structures for RNA binding: the
2-/33 loop (corresponding to the 52-52" -loop in the TIA-1
RRM2), the 02-f4 loop (corresponding to the (3’-(53”
p-hairpin in the TIA-1 RRM2), and the positively charged
residues immediately following the 34 strand. These loops
are intimately associated with the 3-sheet and recognize the
RNAs collectively. Among these four RRMs, the loop
structures are conserved in the U2AF65 RRM?2 and the Sex-
lethal RRM1 (Supporting Information Figure S1A,CE).
Furthermore, the positions of the aromatic rings in the RNP
motifs, which are responsible for RNA binding, are identical
between the U2AF65 RRM2 and the TIA-1 RRM2 (Figure
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9A). Therefore, insights into the RNA recognition mode of
the TIA-1 RRM2 can be obtained from that of the U2AF65
RRM2-RNA complex. When we superimposed the RNA
structure from the U2AF65 RRM2:RNA complex on the
TIA-1 RRM2 structure, the RNA was accommodated well
by the 3-sheet surface of the TIA-1 RRM2 (Figure 9B; see
also Supporting Information Figure S3B): the third and fourth
uridines (U3 and U4, respectively) stack on the RNP aromatic
residues, Phel00 and Phel42, respectively. In this model,
the first uridine, U, is located close to Asp131 and Lys138,
and the second uridine, U2, is surrounded by Aspl03 and
Argl66. Moreover, U3 is sandwiched between Phel00 and
Argl75. The stacking interaction between U4 and Phel42
is probably supported by Argl27 and Vall129. His98 may
also change the ! angle from —60° to —180° to support the
stacking interaction. Most of the residues with chemical shifts
significantly affected by the U5 RNA are located close to
the modeled RNA (Figure 9B), except for Ser144 and
Lys176. Therefore, the RNA recognition mode by the TIA-1
RRM2 is likely to be similar to that of the U2AF65 RRM?2.

On the other hand, we observed that the residues located
on the f-sheet surface, which are not involved in RNA
binding in the U2AF65 RRM2, were affected by the RNA
binding (Aspl103, Vall29, Ser144, Argl75, and Lys176).
Consequently, these parts of the (-sheet surface are also
likely to contribute to the RNA recognition. These residues
may be important for the strong RNA-binding activity of
the TIA-1 RRM2. The complex structure of the TIA-1 RRM2
and the poly(U) RNA will clarify the RNA recognition mode
of the TIA-1 RRM2.
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